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ABSTRACT 
 
 Agricultural runoff is one of largest contributors of phosphorus (P), nitrogen (N), 
and sediment affecting freshwater systems in watersheds across the Northeastern U.S., 
including the Lake Champlain Basin in Vermont. Agricultural cropping systems, such as 
corn silage and haylands, used for dairy feed production have been shown to impact 
watershed hydrology and water quality. Agricultural best management practices (BMPs) 
have the potential to decrease runoff volumes and flow rates and the associated export of 
nutrients and sediment from agricultural fields. Many states in the Northeastern U.S., 
including Vermont, are beginning to require farmers to implement water quality BMPs and 
further improve risk evaluation of export of P in runoff using evolving P site assessment 
tools, such as the Phosphorus Index (P-Index). Quantifying the effects of BMPs on 
hydrologic and nutrient exports from fields is critical for informing site assessment tools 
that aid in the development of nutrient management plans and to help design 
agroecosystems that do not degrade water quality. However, there is a lack of data on the 
effects of BMPs on edge-of-field hydrologic and nutrient fluxes, especially in cold-climate 
regions with snow-melt induced runoff events. This thesis consists of four chapters, 
Chapter 1 is a comprehensive literature review on agricultural hydrology and water quality, 
BMP effectiveness, and P site assessment tools. Chapters 2 and 3 address research 
objectives related to the evaluation of BMP and P site assessment tool effectiveness. 
Chapter 4 is a summary of the conclusions drawn from the work done in Chapters 2 and 3, 
and suggestions for future work. 
Chapter 2 evaluates the effects of soil aeration prior to manure application on edge-
of-field hydrology, water quality, and P fluxes in haylands with clay soils during both 
precipitation and snow-melt induced runoff events. Edge-of-field water quality monitoring 
techniques and passive-capillary lysimeter systems were used to continuously measure the 
losses of surface runoff, subsurface leachate, and the associated export of nutrients (total 
phosphorus, total dissolved phosphorus, total nitrogen, and total dissolved nitrogen) and 
total suspended solids resulting from runoff events year-round from 2012 to 2018. Annual 
P fluxes in the form of vegetative uptake and removal, manure additions, and soil test P 
were also recorded. Results from this study indicated that soil aeration had the potential to 
reduce nutrient and sediment exports from haylands with poorly-drained, high runoff 
producing soils in the Northeastern U.S. where winter freeze-thaw conditions exist. 
However, potential increases in surface and subsurface hydrologic flows can accompany 
these reductions; these implications should be considered before implementation.  
Chapter 3 identifies potential P-Index improvements through the representation of 
topographic controls on phosphorus (P) transport by comparing results from the Vermont 
P-Index (VT P-Index) and a more complex process-based model, TopoSWAT, across 
topographic regions in a small agricultural watershed (360 ha) in the Lake Champlain 
Basin. Scenarios of varying P management strategies were modeled for corn silage 
production fields with poorly-drained soils and rolling topography. Modeled outputs of P 
risk assessments and edge-of-field dissolved and particulate P losses were compared. 
Results from this study suggest that the VT P-Index could improve its ability to support 
farm nutrient management planning and other P-based management decisions by 
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In the U.S., agricultural runoff has been identified as the leading cause of water 
quality impairment in rivers and streams, the second largest source of impairments to 
wetlands, and the third largest source for lakes (EPA, 2013). The primary causes of water 
quality degradation from agriculture are nutrient losses from cropping fields in runoff and 
leaching, increased runoff volumes, increased peak flows, and soil erosion (Withers et al., 
2014; Kleinman et al., 2011). High application rates of nutrient-rich fertilizers and manure 
for crop and forage production has caused an increase in the concentrations of the nutrients 
nitrogen (N) and phosphorus (P) in agricultural runoff (Withers et al., 2014). Excess 
enrichment of waterbodies by the primary limiting nutrients N and P induces accelerated 
productivity in these ecosystems. This process is called eutrophication. Eutrophication 
causes the rapid growth, and later death, of aquatic plants and algae. When these organisms 
die and decompose a large amount of oxygen is used by microbes to break down organic 
material, leaving waters with little to no dissolved oxygen, resulting in the decline of 
aquatic biodiversity (Daniel et al., 1998). Other negative effects of eutrophication include 
the decrease of water clarity, odorous drinking water, and blooms of toxic algae (Smith, 
1998). 
Lack of permanent vegetation and reduced infiltration rates in agricultural fields 
has caused high runoff volumes and flooding in many areas of the world (Withers et al., 
2014). Reduced soil cover and high runoff rates also lead to soil erosion, which remains a 
significant agricultural and water quality concern. It is estimated that around 1mm of soil 




to soil particles are commonly much greater than dissolved P concentrations, making soil 
erosion a primary concern for many mitigation efforts (Kleinman et al., 2011). Thus, it is 
important to understand the nutrient fate and transport, and hydrological processes that 
govern agricultural nutrient runoff in order to properly evaluate and develop management 
strategies to mitigate water quality impairment. 
 Agricultural Hydrology 
Precipitation that falls onto an agricultural field as rain, snow, hail, sleet, or fog has 
multiple fates. Water can be emitted back to the atmosphere as water vapor by the processes 
of evaporation or transpiration (Easton & Bock, 2015). Leopold and Langbein (1960) 
estimated that an acre of corn transpires around 3,000 to 4,000 gallons of water every day. 
The other fates of precipitation after it falls onto an agricultural field are ultimately to either 
flow over the surface of the soil as runoff, or infiltrate into the soil surface. Once water has 
infiltrated into the soil (if not removed via plant transpiration processes) it will either pass 
the root-zone and percolate through the soil profile into the groundwater, or it will reach a 
restrictive layer and flow laterally through the soil, known as interflow (Easton & Bock, 
2015). There are two distinctive ways that water ends up flowing over the soil surface as 
runoff. When the precipitation rate is greater than the soil infiltration rate, surface runoff 
will occur, this is known as Hortonian flow or infiltration-excess runoff (Easton & Bock, 
2015; Rittenburg et al., 2015). Another mechanism of surface runoff is known as 
saturation-excess runoff. This occurs when a soil profile is saturated, due to the vertical 
and lateral flux of water exceeding the lateral transport capacity (Dunne and Black, 1970; 
Dunne and Leopold, 1978). Saturation-excess runoff occurs on Variable Source Areas 




Dunne and Leopold, 1978; Easton et al., 2007). Areas prone to saturation have large 
upslope contributing areas, are at the intersection of converging slopes, or have shallow 
soils with restricting layers or high groundwater tables. Topography plays a critical role in 
the generation of runoff, and subsequently the transport P, from agricultural systems, 
particularly in humid, well-vegetated, and hilly regions dominated by VSA hydrology 
(Dunne and Black, 1970; Walter et al., 2003). The dominate mechanism for runoff in the 
Northeastern U.S. is saturation-excess runoff (Buchanan et al., 2018).  
Land-use and soil management practices can have major impacts on the soil 
hydraulic properties of a landscape, including soil porosity, soil hydraulic conductivity, 
and soil-water retention characteristic (Green et al., 2003; Horel et al., 2015). Agricultural 
cropping-system practices such as tillage, cover crops, soil aeration have been shown to 
cause alterations in field-scale hydrology, which can differ greatly across differing soils 
and climates. Side-effects of these practices, such as tractor wheel compaction, can also 
cause changes in the movement of water in an agricultural system (Green et al., 2003). The 
intended and un-intended implications of agricultural management practices need to be 
quantified and evaluated in order to design agroecosystems that do not have adverse effects 
on nearby surface and ground water quality. 
 Soil Phosphorus Cycling and Mobility 
Phosphorus (P) is an essential element for all life on earth. It is a necessary 
constituent of the nucleic acids deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), 
and the molecules adenosine diphosphate (ADP) and adenosine triphosphate (ATP) (Smil, 
2000). P, along with the elements N and Carbon (C), are essential to biological productivity 




P forms are highly reactive and transform very quickly (Smil, 2000). Most soils have a 
redox potential that is too high for the production of phosphine gas (PH3), making 
atmospheric P essentially non-existent. The major source of reactive P is not governed by 
microbial reactions (Schlesinger, 1991). This detail, along with the lack of an atmospheric 
component of P to transfer it between terrestrial and marine systems, make the global P 
cycle relatively slow. The transformation of long-term recalcitrant pools of P into 
bioavailable forms is dominated by tectonic up-lift and the weathering of calcium 
phosphate minerals (Smil, 2000; Schlesinger, 1991). The complete cycle of P from the 
Earth’s crust back into P-bearing rocks takes around 10-100 million years (Smil, 2000). 
However, the short-term cycling of P into different forms in soil and water can be rapid. P 
transforms from soluble to insoluble forms very quickly, resulting in a natural scarcity of 
soluble P availability in the environment. These distinguishing attributes of P make it one 
of the most common growth-limiting nutrients (Smil, 2000; Schlesinger, 1991). 
P exists in many different forms in agricultural soils. Hyland et al. (2005) grouped 
the forms of P into the four categories: (1) plant available inorganic P, (2) organic P, (3) 
adsorbed P, and (4) primary mineral P. The basic fluxes between these P forms in an 
agricultural soil are shown in Figure 1.1. Plant available inorganic P is primarily made up 
of the orthophosphates H2PO4- and HPO4-2 (although reported as P2O5 in agronomic 
determinations). The ratio of these two ions is regulated by soil pH, with H2PO4- favored 
in acidic soils (pH 4 to 7.2) and HPO4-2 favored in more alkaline soils (pH>7.2) (Pierzynski 
et al., 2005). Uptake of H2PO4- by plants has been observed to be more rapid than HPO4-2. 
Although much less common, plants have been shown to directly uptake organic P in some 




2005). Concentrations of P in soil pore-water solutions usually ranges between >0.01 and 
1 mgL-1, and the optimal P concentration for crop growth is usually greater than 0.2 mgL-
1 (dependent on which soil P test is used), therefore, soils commonly require the application 
of P amendments by land managers to increase crop yields. Soils that have been recently 
amended with fertilizers or organic wastes have been observed to have concentrations as 
high as 7 or 8 mgL-1 (Pierzynski et al., 2005). Soil test P is the concentration of extractable 
P in a soil, given in units of ppm, or mg of P per kg of soil. Extractable P is the amount of 
P that is removed from a soil using a chemical extractant and is an index for the amount of 
plant available P in the soil. A number of different soil P tests exist that each result in a 
unique interpretation of plant available soil P, due to the difference in chemicals used, the 
extraction procedure, and the analysis method (Magdoff et al., 1999). A few of the most 
common soil P tests are Bray-Kurtz P1 (Bray and Kurtz, 1945), Mehlich-3 (Mehlich, 





Figure 1.1: Basic soil phosphorus cycle. From Hyland et al. (2005). 
 
When P-rich fertilizers or manures are applied to agricultural lands it is primarily 
in the form of plant available inorganic P. Once this available P comes into contact with 
mineral surfaces, organic matter, and aqueous solutions it can transform into less available 
forms. This phenomenon is referred to as “P-fixation” and is driven by the linked processes 
of sorption-desorption, precipitation-weathering, and immobilization-mineralization 
(Frossard et al., 2000; Smil, 2000). P sorption is a two-step process involving adsorption 
and absorption. Adsorption takes place when P anions attach to the surfaces of iron (Fe) 
and aluminum (Al) oxides, clay minerals, and carbonates. Absorption is the diffusion of P 
into these constituents, making the P highly non-labile. Precipitation of secondary P solids 




The two processes of sorption and precipitation govern the amount of available P in the 
soil shortly after P-rich amendments are applied (Pierzynski et al., 2005). 
P occurs in surface runoff in two major forms, particulate P that is sorbed to 
sediment and dissolved P in runoff waters. Particulate P makes up around 60-90% of the P 
that is discharged from agricultural lands (Sharpley et al., 2000; Rittenburg et al., 2015). 
Particulate P can be in the form of particulate organic or inorganic P, both of which are 
non-labile. Similarly, dissolved forms of P include dissolved organic phosphorus (DOP) 
and dissolved inorganic phosphorus (DIP). Although non-bioavailable forms of P, such as 
particulate P and DOP, are not a threat for eutrophication in their current state, they can 
undergo reactions and physical changes during the transport process and once they arrive 
in a waterbody (Sharpley et al., 1992). For this reason, losses of particulate P and DOP 
from agricultural lands are also of concern. Generally, the DIP concentration of sub-surface 
runoff that infiltrates through the soil is less than surface runoff concentrations due to 
sorption reactions (Sharpley et al., 2000). P sorption capacity is generally greater in finer-
textured clay soils than sandy soils. However, preferential flow paths that by-pass soil 
sorption mechanisms may be a more important factor controlling subsurface P losses (King 
et al., 2015).  
 Soil Nitrogen Cycling and Mobility 
While N can enter an agricultural system through atmospheric deposition and 
nitrogen gas (N2) fixation, it is usually applied at a much greater magnitude through 
nutrient rich fertilizer and manure applications (Smil, 1990; Schlesinger, 1991). There are 
two main forms of N in soils, particulate N (organic and inorganic) and dissolved N 




crop uptake are nitrate (NO3-) and ammonium (NH4+) (Schachtman et al. 1998). When 
manure is applied to a field, approximately half of the N is in the form of organic N while 
the other half is dominantly in the form of urea (CH4N2O) which quickly hydrolyzes into 
NH4+ in soil solution but can volatilize into ammonia gas (NH3) if left on the soil surface 
(Jokela et al., 2004). While NO3– is the most plant available form of N, it is also highly 
mobile in the soil matrix due to its overall negative charge, making it less prone to soil 
adsorption than NH4+ which is relatively immobile in soil (Serna et al. 1992). Indeed, NO3– 
has been shown to have soil diffusion rates up to five times greater than NH4+ and is prone 
to leaching through the soil profile making its way to subsurface and potentially surface 
water bodies (Serna et al. 1992). While organic N is not available for plant uptake, it can 
be decomposed by soil microbes into NH4+ through a process called mineralization (Serna 
et al. 1992; Johnson et al., 2005). The reverse of mineralization is immobilization, where 
NH4+ and NO3– are taken up by soil organisms and converted into organic N (Johnson et 
al., 2005). NH4+ is removed from a soil solution through plant uptake, immobilization by 
microbes, fixation in clay minerals, and nitrification. Due to these numerous mechanisms, 
NH4+ has a turnover rate of less than 24 hours in most soils (Johnson et al., 2000; Jones et 
al. 2005).  
Nitrification is the process where NH4+ is converted to nitrite (NO2-) and NO3– 
through the biological oxidation of NH4+ and the fixation of carbon by soil bacteria in 
aerobic conditions (Conrad, 1996). Denitrification takes place in anaerobic conditions, 
usually created by prolonged periods of soils saturation, where denitrifying bacteria use 
NO3– as an oxygen source converting it to the gaseous forms of N; nitric oxide (NO), 




greenhouse gas, so the completion of the denitrification process all the way to N2 is an 
important climate change mitigation management goal (Butterbach-Bahl et al. 2013).  
 Agricultural Management for Nutrient Retention 
Some management goals to help mitigate losses of nutrients from agricultural lands 
to waterbodies include: reducing P and N inputs, reducing runoff volumes, reducing 
erosion, reducing subsurface leaching volumes, increasing water holding capacity, 
increasing soil nutrient sorption capacity, and increasing crop uptake of P and N (Frossard 
et al., 2000). Management strategies for mitigating the effects of agriculture on natural site 
hydrology and water quality need to account for many factors and interconnected 
processes, and potential tradeoffs among management objectives. For example, improving 
soil infiltration rates can reduce surface runoff volumes and nutrient loads, but this could 
increase nutrient leaching to sub-surface runoff and groundwater (Sharpley et al., 2000; 
Rittenburg et al., 2015).  
The amount, form, and timing of nutrient losses from agriculture are dependent on 
short term changes in hydrological processes and the location and magnitude of land 
management practices. For example, antecedent soil moisture conditions play a large role 
in the amount of surface runoff generated and the ratio of surface to subsurface export of 
water and nutrients (Dunne & Leopold, 1978). Nutrient losses are also dependent on spatial 
and temporal factors including season and topographic location. Nutrient concentrations in 
agricultural runoff waters have been observed to be highest during large precipitation 
events or directly following the application of fertilizer or manure (Sharpley et al., 2000). 
Seasonal variability in nutrient losses has been observed in cold climates. Runoff volumes 




wet and cold months, partially due to snow melt and increases of leaching and tile drain 
flow (King et al., 2015). It has been observed that small percentages of land within a 
watershed are responsible for disproportionately high nutrient loads (Pote et al., 1996, 
1999; Gburek et al., 2000). These areas are known as critical source areas (CSAs). 
Ghebremichael et al. (2010) estimated that 24% of land in the Rock River watershed, in 
the Lake Champlain Basin, is responsible for 80% of P loads discharged into the lake from 
that watershed. The identification of the location of CSAs within a watershed can be 
important for implementing management practices, that aim to mitigate the negative 
impacts of agriculture on water quality, on areas of the landscape where they will be most 
effective.  
 
Agricultural Best Management Practices (BMPs) that increase soil quality and 
ecosystem services, while decreasing environmental deterioration, have been used for 
many years. BMPs aim to reduce pollutant loads coming from non-point source pollution 
while maintaining crop yields and productivity (Mulla et al., 2006). BMPs range from 
traditional farming practices, such as terracing and tillage, to the use of modern 
technologies, such as precision agriculture using computerized equipment. BMPs can be 
well known and used internationally, or developed for a particular location, climate, and 
social structure (Sharpley et al., 2006).  
 There are many incentives that encourage the use of BMPs at many scales including 
the federal, state, and local levels. Some programs help implement new BMPs and other 
reward farmers for existing BMPs (Mulla et al., 2006). In Vermont, state law requires that 




implementation of water quality BMPs and the use of evolving P site assessment tools for 
the development of nutrient management plans (VAAFM, 2018; NRCS, 2014). The USDA 
Natural Resource Conservation Service provides financial and technical assistance to 
farmers to help initiate the use of BMPs. Additionally, the Vermont Agency of Agriculture 
Food and Markets (VAAFM) provides VT farmers with free technical engineering and 
design assistance, along with financial assistance programs.   
Some of the most common and effective BMPs used in the northeastern U.S. 
include reduced tillage, cover crops, manure injection, and soil aeration. Table 1.1 
summarizes the previously reported effects of these popular BMPs on runoff volumes and 
water quality parameters. These practices are described in detail in the following sections. 
 
Table 1.1: Summary of percent change in water quality properties due to BMP application, in 
relation to conventional practices. Percent increase denoted with ‘+’, and percent decrease denoted with ‘-‘. 
Parameter No-Till Cover Crop Manure Injection Soil Aeration 
Runoff Volume +20 to -25 -23 to -80 -3 to -35 +3 to -81 
Erosion -93 to -96 -46 to -96 0 to -68 +28 to -69 
Total P Load -66 to -84 -54 to -94 0 to -94 0 to -85 
Dissolved P Load +201 +8 to -53 -71 to -94 -35 to -96 
Total N Load +50 to -75 -- -- 0 to -81 
Dissolved N Load +58 -86 -- 0 to -81 
 
Sources: Maguire et al., 2011; Sharpley et al., 1992; McDowell McGregor, 1984; Blanco-canqui et al., 2015; Daryanto 
et al., 2017b; Aryal et al., 2018; Vliet et al., 2006; Moore et al., 2003 
 
 Cover Crops 
Cover crops are crops grown between cash crop growing seasons to increase 
biomass inputs to the soil and reduce soil erosion (Reeves, 1997). Cover cropping has been 
a known practice for many years and was used in ancient China to increase soil fertility, 




following the harvest of another is a common technique used in agriculture that 
incorporates temporal diversity into a system, creating physical diversity in soil litter 
makeup. This is a way for farmers to gain the high yields associated with monocultures 
while receiving some of the benefits of natural spatial plant diversity (McDaniel et al., 
2014a,b). In temperate regions cover crops are commonly planted in the fall to capture 
nutrients during the winter months and are then either harvested or killed in the spring, to 
make organic N in their plant tissues available for cash crops. In tropical regions, cash 
crops are commonly rotated to different fields every several years, with cover crops 
occupying the other fields in order to increase soil fertility (Tully & Ryals, 2017; Snapp et 
al., 2005). Cover crops have been shown to increase the microbial biomass in soils, alter 
soil hydraulic properties, alleviative soil compaction, repress weeds, and reduce runoff and 
erosion (Tully & Ryals, 2017; Blanco-canqui et al., 2015).  
Cover crops can change agricultural hydrologic processes in many ways, including 
increasing evapotranspiration rates and soil infiltration rates, and reducing runoff volumes, 
soil erosion, soil freezing depths, and soil thawing times (Dabney, 1998; Dabney et al., 
2001). Cover crops have been shown to decease runoff by up to 80% and sediment loss 
from 46% to 96% (Blanco-canqui et al., 2015). Cover crops help reduce runoff volumes 
by increasing macroporosity and pore connectivity through soil aggregation, which 
improves infiltration rates and soil water retention capacity (Blanco-canqui et al., 2015; 
Dabney et al., 2001). Cover crops also help improve the soil surface quality by protecting 
it from raindrop erosion and preventing the formation of low permeable soil crusts 
(Dabney, 1998; Easton & Bock, 2015). Increases in soil surface roughness and the 




crops (Rittenburg et al., 2015; Dabney, 1998). Short term effects of cover crops on 
infiltration rates and reduced runoff are variable; however, long term effects are much more 
significant (Dabney, 1998; Langdale et al., 1991).  
Cover crops have been shown to improve soil quality and microbial properties 
(Blanco-canqui et al., 2015). Increased resource niche potential and substrate availability 
in diversified agricultural systems, due to the use of cover crops, may be the cause of 
increases in microbial activity and biomass within the soil (McDaniel et al., 2014b). Cover 
crops create more biomass in belowground root systems which have large effects on soil 
C and N through associations with microbial and decomposer communities (McDaniel et 
al., 2014a,b; Blanco-canqui et al., 2015). Adding a cover crop into rotation has been shown 
to increase microbial biomass C by 20% and microbial biomass N by 26%, increasing the 
quality of SOM (McDaniel et al., 2014a). This could have potential benefits on soil water 
holding capacity and crop yield.  
Cover crops can increase plant uptake of P through the increase of mycorrhizal 
fungi, which produce acids that break down recalcitrant P compounds into more mobile 
forms and help transport them crop roots (Jansa, 2005). Additionally, up to a 50% reduction 
in NO3- leached from agricultural fields has been shown due to the addition of cover crops. 
Grass cover crops scavenge for inorganic N compounds, such as NO3-, transforming highly 
mobile forms of N into bound organic forms (Blanco-canqui et al., 2015). Cover crops can 
also add nutrients to the soil by increasing crop residues and fixing N2 from the atmosphere. 
Legumes and other N-fixing plants are commonly used as cover crops to add available N 
to the soil (Tully & Ryals, 2017). Legumes have a much lower C:N than other cover crops, 




available N when they are mineralized (Dabney et al., 2001). However, this release of 
nutrients back into the soil system can increase the risk of nutrient runoff during storm 
events. If cover crops are left on the field after senesces then they can result in the build-
up of P in the soil surface, resulting in potential for greater losses of liable P in runoff 
compared to fields without cover crops (Jarvie et al., 2017; Miller et al., 1994; Dabney et 
al., 2001).  
 Tillage  
Conventional tillage is the process of turning the soil over in preparation for seeding 
and has been used in crop farming for many years (Mannering & Fenster, 1983; Palm et 
al., 2014). Its purpose is to loosen and aerate the soil so that seeds can germinate more 
easily. Conventional tillage is also used to suppress weeds and pests, and incorporate 
residue, fertilizer, and manure into the soil profile (Mannering & Fenster, 1983). However, 
conventional tillage can have many negative impacts on soil quality. Conventional tillage 
causes high runoff volumes and erosion from crop fields by breaking down soil aggregates, 
reducing soil infiltration, and exposing soil to rainfall and runoff (Easton & Bock, 2005). 
The practice of not tilling the soil and retaining the crop residue on the soil surface is known 
as no-till. No-till reduces soil disturbance and prevents soil erosion. Reduced tillage is a 
term that encompasses any tillage practice that reduces soil disturbance in relation to 
conventional tillage (Palm et al., 2014).  
There have been many published studies evaluating the effects of reduced tillage 
and no-till on soil quality and ecosystem services. There is a lot of variability among these 
findings, most likely due to differences in site characteristics, temporal variation, and 




reductions in runoff volumes and erosion (Daryanto et al., 2017a; Palm et al., 2014; 
Tebrugge & During, 1999). Tebrugge & During (1999) reported significantly less runoff 
and soil loss in long-term no-till systems (up to 18 years) than conventional tillage on silty 
soils. Sharpley et al. (1992) found that no-till decreased erosion by 93% in the Southern 
Plains of Oklahoma and Texas. A meta-analysis of 27 papers was done by Daryanto et al. 
(2017a) to assess the effects of no-till on phosphorus losses compared to conventional 
tillage. They found that no-till significantly reduced both particulate P and total phosphorus 
(TP) loads in runoff. They also found that no-till was less effective at reducing TP, total 
dissolved phosphorus (TDP), and particulate P in dryland areas, and at reducing particulate 
P in wet years and on slope gradients greater than 3%. On steeper slopes, there was no 
significant difference in particulate P loads between the no-till and conventional tillage 
systems (Daryanto et al., 2017a). Daryanto et al. (2017b) also found that fields using no-
till had lower nitrate load losses in relation to conventionally tilled fields. However, no-till 
fields had higher nitrate concentrations in surface runoff than conventionally tilled fields 
(Daryanto et al. 2017b). 
The reductions of TP and particulate P loads from runoff and sub-surface leaching 
in long-term no-till systems could be due to decreases in runoff volumes through 
macropore connectivity (Daryanto et al., 2017a). However, no-till has been shown to 
increase TDP loads from agricultural lands through surface runoff by up to 200% in 
comparison to conventionally tilled systems (Sharpley et al., 1992). The increases in soil 
organic matter (SOM), soil moisture retention, and soil decomposer communities 
associated with no-till systems could lead to increased mineralization of P in the surface 




between no-till soils, surface residues, and P amendments could also be increasing TDP 
losses. Therefore, incorporation of other BMPs into a no-till system, such as manure 
injection or aeration could be an important management strategy for reducing TDP losses 
(Daryanto et al., 2017a). 
 Manure Injection 
In agricultural systems that use conventional tillage techniques, soil amendments 
with high nutrient content (most commonly in the form of fertilizer or manure) are spread 
over the surface of the soil or incorporated into the tillage process. Application of soil 
amendments to the soil surface is known as broadcasting. When broadcasting of manure 
and tillage techniques are done simultaneously (i.e., ‘manure incorporation’) the added 
nutrients are able to enter the soil profile, where crops can access them more readily and 
where they are less likely to be transported over the soil surface in runoff (Atiyeh et al., 
2015). However, when manure is broadcasted on no-till systems, where the soil surface is 
un-disturbed, nutrients are less able to enter the soil profile and are exposed to surface 
runoff. This can also lead to increases in the loss of ammonia through volatilization 
(Maguire et al., 2011). Manure injection, or the placement of liquid manure below the soil 
surface without full soil disturbance, allows for the benefits of manure incorporation in no-
till or reduced-till systems (Atiyeh et al., 2015). Manure injection can benefit an 
agricultural system by reducing odorous emissions, N volatilization, P and N loads in 
runoff, soil erosion, and soil compaction (Atiyeh et al., 2015; Daverede et al., 2004). 
Two of the most common manure injection methods include the use of disk 
injectors and chisel injectors (Atiyeh et al., 2015). Disk injectors use circular blades called 




manure is then applied into the slits, and typically a second set of coulters on the disk 
injector are used to seal the soil openings after manure application. Chisel injectors use V-
shaped knives to cut horizontal openings in the soil where liquid manure is applied. Chisel 
injectors are able to distribute the manure over a larger range of depths and horizontal areas 
but cause more soil disturbance than disk injectors (Atiyeh et al., 2015; Maguire et al., 
2011a; Sexton et al., 2005).  
Not many studies have been conducted that evaluate the field-scale effects of chisel 
and disk injection on surface runoff volumes and water quality. Daverede et al. (2004) 
observed up to 99% less dissolved reactive P (DRP), and 94% less TP, load losses from 
fields receiving chisel injection of liquid swine manure in comparison to fields receiving 
broadcast swine manure application. Johnson et al. (2011) studied the effects of shallow 
disk injection of dairy manure slurry on P losses in runoff from corn fields receiving rainfall 
simulations. They observed mixed results, with the field receiving disk injection producing 
the higher P losses than broadcast application, chisel plow incorporation, and banded 
aeration during the first year of the study (Johnson et al., 2011). However, in the second 
year of the study, disk injection has lower runoff P losses than broadcast application and 
the control field which received no manure application or tillage treatments (Johnson et al., 
2011). It appears that the timing and method of manure injection, along with site 
conditions, can have large impacts on the effect of injection on field-scale nutrient losses.  
 Soil Aeration 
Soil aeration is the process of creating thin slots of variable length and depth that 
are cut into the soil surface with mechanized equipment. Types of soil aeration include slit 




where soil cores are removed from the soil surface (Franklin et al., 2006; Franklin et al., 
2007). Improved soil infiltration through using soil aeration as a BMP has been attributed 
to increased surface soil porosity and preferential flow paths (i.e. macropores), as well as 
greater soil surface roughness (Maguire et al., 2011a; Franklin et al., 2007). Aeration may 
also promote P adsorption, in soils with additional sorption capacity, by increasing the 
contact time of surface runoff with the soil (Maguire et al., 2011a; Vliet et al., 2006; 
Franklin et al., 2007). Soil aeration can occur prior to manure application with the objective 
of facilitating infiltration of surface runoff and associated nutrients (Vliet et al., 2006; 
Maguire et al., 2011a). It has also been applied after manure application, acting as a manure 
incorporation technique, aimed at increasing the nutrient supply to crops and reducing 
nutrient losses in runoff (Franklin et al., 2007). 
Soil aeration is becoming more commonly used in the Northeastern U.S., but the 
effects of soil aeration in the Northeast are understudied and the impacts of these practices 
on EoF nutrient losses, notably during snowmelt runoff events, are not well understood. 
Results from the few studies that have evaluated the effects of soil aeration on nutrient 
losses across the U.S. have been highly varied (Maguire et al., 2011b; Vliet et al., 2006; 
Franklin et al., 2007; Jokela et al., 2016; de Koff et al., 2011; Courane et al., 2011; Pote et 
al., 2003). 
Vliet et al. (2006) studied the effect of slit soil aeration prior to dairy and swine 
manure application on alluvial silt to sandy loam soils in western Canada. They found that 
aeration slots comprising about five percent of a field’s surface area had the ability to hold 
over half the amount of liquid manure applied to the field. They reported annual reductions 




the study. They also observed reductions of suspended solids (48 to 69%), volatile solids 
(42 to 83%), and total Kjeldahl nitrogen (TKN) (56 to 81%) (Vliet et al., 2006). Similarly, 
Moore et al. (2003) found that slit aerated plots in Arkansas, under simulated rainfall, 
reduced surface runoff by 45%, total nitrogen (TN) by 55%, and TP by 43%, in comparison 
to non-aerated plots. Jokela et al. (2016) compared the effects of manure application 
following banded-tine aeration to standard broadcast manure application on silage corn-
cereal rye cover crop fields in Wisconsin with somewhat poorly drained Withee silt loam 
soils receiving simulated rainfall events. A 53% reduction in dissolved reactive P (DRP) 
and no significant difference in TP was observed in the aerated fields (Jokela et al., 2016).   
At the plot-scale, Shah et al. (2004) observed reductions in runoff volumes 
associated with slit aeration prior to manure application for only one of six rainfall events 
and no significant reductions in DRP and TP in comparison to other dairy manure 
application methods on well-drained Westmoreland silt loam soils. A paired watershed 
study in Georgia that evaluated the P loss impacts of slit aeration on grassland immediately 
following broiler litter application found that when aeration was applied on well-drained 
to moderately well-drained soils (Cecil and Altavista) runoff and DRP load losses were 
reduced by around 35%; however, on poorly-drained soils (Sedgefield), aeration increased 
DRP and TP mass loads and runoff volumes (Franklin et al., 2007; Franklin et al., 2011). 
A number of other studies have found aeration on somewhat poorly-drained soils had either 
no significant difference or increased runoff and P losses in comparison to non-aerated 





Evaluating the effects of BMPs on non-point source pollution is a critical concern 
in many regions across North America that suffer from increasing nutrient enrichment of 
surface water bodies. Quantifying water quality at the field scale, using edge-of-field (EoF) 
monitoring, is necessary for the evaluation, design, and implementation of in-field BMPs 
(Daniels et al., 2018; Harmel et al., 2018a). Long-term EoF monitoring that utilizes a 
paired-watershed study design is ideal for capturing BMP treatment effects by minimizing 
the influence of natural variability in water quality and hydrology between study fields 
(Clausen and Spooner, 1993). However, long-term EoF studies are uncommon due to the 
high cost and the difficult nature of monitoring and quantifying field-scale runoff. Year-
round monitoring that captures snow-melt events in cold-climate regions is in particular 
demand due to the difficulties of monitoring surface runoff generated during freeze-thaw 
cycles (Liu et al., 2014; Harmel et al., 2018a; Tiessen et al., 2010). In the Northeastern 
U.S., where state regulations are beginning to require farmers to implement water quality 
BMPs, field-scale water quality data, that acknowledge regional climatic and production 
differences, are still needed to inform policy, programs, and nutrient management 
recommendations.   
The importance of EoF monitoring is becoming increasingly recognized and 
numerous studies using EoF sampling or proposing future use of this type of sampling 
regimes have recently been published in the literature (Harmel et al., 2018a; Harmel et al., 
2018b; Tomer et al., 2016; Aryal et al., 2018; Daniels et al., 2018; Baker et al., 2018). A 
review of EoF monitoring developments, current research, and future possibilities was 




guidance on automated water sampling and the uncertainties of EoF data (Harmel et al., 
2018a). Tomer et al. (2016) used an EoF monitoring, paired-watershed study, to evaluate 
the effects of swine-manure application on runoff and P losses from corn-soybean rotation 
fields in central Iowa. With 11-years of monitoring data they were able to capture 74 paired 
rainfall-runoff events (Tomer et al., 2016). Similarly, Aryal et al. (2018) was able to 
evaluate the effects of cover crops on runoff water quality across seasons monitoring paired 
watersheds in northeast Arkansas for three years. Still, more research connecting EoF data 
to the larger watershed is needed in order to better understand the entire nutrient fate 
continuum (Daniels et al., 2018). 
 
In watersheds afflicted by non-point source P loading and eutrophication, decision 
support tools are needed to help identify critical source areas, where P management 
strategies will be most effective. Many P site assessment tools exist that are used to 
determine the vulnerability of a particular agricultural field to the export of P in runoff and 
to evaluate the effectiveness of differing management decisions (Kleinman et al., 2017; 
Easton et al., 2017). Below I describe two different models that are widely used as P site 
assessment tools; the Phosphorus Index (P-Index) and SWAT. 
 The Phosphorus Index 
The P-Index is one of the most widely adopted P site assessment tools, currently 
being used by 48 U.S. states to help develop nutrient management plans (Kleinman et al., 
2017; Sharpley et al., 2003; Sharpley et al., 2012). The P-Index is a simple risk assessment 




affecting P loss from agricultural fields (Lemunyon and Gilbert, 1993; Sharpley et al., 
2003). The development of the P-Index was motivated by efforts being made by USEPA 
and USDA to address nutrient runoff concerns nation-wide. The resulting NRCS Code 590 
Standard requires all states to adopt nutrient management plans that establish soil-test P 
thresholds for fields. The original objectives of the P-Index included the ability to assess 
the risk for P to leave a field and travel toward a water body and the ability to identify 
management practices that could reduce P losses (Lemunyon and Gilbert, 1993). The 
simplicity of the P-Index makes it readily useable by watershed planners, agricultural 
service providers, and policy makers alike. 
The VT P-Index was developed in the 1990s when many states were first adopting 
simple indexing tools that accounted for the major source and transport factors controlling 
P loss from agricultural fields (Lemunyon and Gilbert, 1993). Since its initial release, the 
VT P-Index has undergone multiple revisions, with the latest revision (version 6.1) taking 
place in 2016. The latest revision of the VT P-Index was driven by multiple factors 
including: the updated TMDL (Total Maximum Daily Load) for Lake Champlain (EPA, 
2016), evolving science and monitoring data from VT and nearby states, increased use of 
best management practices that were not being accounted for in the prior version (VAAFM, 
2019), and the need to include more diverse types of agricultural production (i.e. vegetable 
crops) in the state. Version 6.1 of the VT P-Index includes particulate and dissolved forms 
of P, as well as surface and subsurface transport pathways, in its calculation of risk 
assessment rating. The representation of P transport from a field’s edge to a receiving water 




the amount of soil particulates that reaches the stream via erosion) and the soil hydrologic 
group, indicating the risk of runoff from a field.  
Due to the lack of edge-of-field P loss data available for evaluating and validating 
P-Indices more complex process-based fate-and-transport models, that can predict P loss 
over a broad range of time and management practices, must be used in order to perform 
rigorous evaluation of P Indices (Sharpley et al., 2012). A few different process-based 
models, such as the Agricultural Policy Environmental eXtender (APEX – Williams and 
Izaurralde, 2006) and the Soil and Water Assessment Tool (SWAT – Arnold et al., 1998), 
have been used to evaluate the ability of P-Indices to reliably predict field-scale P loss 
(Veith et al., 2005; Ketterings et al., 2017).  
 SWAT as a Site Assessment Tool 
SWAT is a semi-process-based watershed water quality model and is one of the 
most widely used models across the world for agricultural management practice evaluation 
(Arnold et al., 2012; Neitsch et al., 2011). SWAT is used to predict and evaluate the impact 
of land management practices on agricultural parameters; such as crop yield, and sediment, 
nutrient, and pesticide losses from large, complex watersheds. SWAT uses a continuous 
daily time-step, allowing for a large range of time-scales to be evaluated (Arnold et al., 
1998). SWAT uses a digital elevation model (DEM) to divide a watershed into 
subwatersheds, and then divides these subwatersheds into smaller hydrologic response 
units (HRUs). HRUs are defined by the modeler based on model objectives and unique 
combinations of land-use, management practices, soil, and slope class (Neitsch et al., 
2011). Land-use, management practices, and soil characteristics are homogenized within 




however no spatial relationships exist among HRUs within a subwatershed. HRU outputs 
are summed at the subwatershed outlet, calculating total loads (Gassman et al., 2007). The 
number of HRU’s in a subwatershed can vary drastically depending on management, soil 
types, and topography within a watershed. Each subwatershed is associated with one main 
channel, or reach, where loadings from the subwatershed enter, and are then transported 
through the reach network to other subwatersheds.  
 SWAT has been used for a range of modeling purposes including TMDL analyses, 
sensitivity analyses, climate change impact analyses, hydrologic assessments, and pollutant 
assessments (Gassman et al., 2007). One of the primary strengths of SWAT is its use for 
the evaluation of BMP effectiveness (Douglas-Mankin et al., 2010). Some common BMPs 
successfully modeled in SWAT incudes no-till, cover cropping, and manure injection. 
SWAT calculates overland flow using the Natural Resources Conservation Service 
(NRCS) curve number (CN) method. Curve numbers are calculated based on hydrologic 
soil group, vegetation, land use, land management practice, and antecedent moisture 
conditions (USDA, 1986). SWAT quantifies the impacts of BMPs on water quantity by 
adjusting curve numbers and Manning’s roughness coefficients in order to model increased 
infiltration and decreased flow rates driven by BMPs (Xie et al., 2015). However, the CN 
approach for estimating runoff assumes infiltration-excess runoff generation (which occurs 
when the precipitation rate is greater than the soil infiltration rate) (Walter and Shaw, 
2005). This assumption can result in inaccurate results in areas dominated by saturation-
excess runoff (which is when a soil profile is saturated, due to the vertical and lateral flux 
of water exceeding the lateral transport capacity) (Easton et al., 2008; Qui et al., 2007). 




runoff from Variable Source Areas (VSAs), regarded as SWAT-VSA (Easton et al., 2008; 
Fuka, 2013).   
SWAT-VSA is a hydrologically advanced version of SWAT that incorporates 
Topographic Index (TI) classes into SWAT initialization to improve the representation of 
topographically driven hydrological processes at the sub-field level (Easton et al., 
2008:2011; Collick et al., 2016). TI classes are used to describe the potential for flow to 
accumulate in a given location in the landscape, representing topographically driven VSAs 





Where: λ is the topographic index, α is the upslope contributing area per unit length of 
contour, and β is the local slope gradient. The range of TI values for a watershed are 
categorized into ten equal-area TI classes ranging from 1 (least prone to saturation) to 10 
(most frequently saturated). SWAT-VSA incorporates a TI class layer into the original soil 
data layer during model initialization, creating a new soil layer consisting of the spatial 
distribution of soil parameters (i.e. bulk density, soil texture, hydraulic conductivity, and 
curve number) based on topographic properties. Unique combinations of land use and the 
newly created soil layer types are used to delineate the model’s hydrologic response units 
(HRUs), the smallest spatial unit of the model within which physical properties are 
homogenized. Hydrologic and nutrient transport outputs from subfield level HRUs allow 
for the production of field-scale P loss predictions (Veith et al., 2008). 
 SWAT-VSA has been successfully used to assess the field scale effects of 




(2017), used SWAT-VSA to evaluate the effects of manure management under various 
topographic conditions within the Chesapeake Bay Watershed at the field scale. Collick at 
al. (2016), was able to evaluate the ability of newly developed soil P-cycling routines used 
in SWAT-VSA to better represent P dynamics at the field-scale. SWAT-VSA outputs have 
also been successfully compared to P-Index results in order to develop new P-Index 
approach for New York State (Ketterings et al., 2017). In their study, Ketterings et al. 
(2017) compared six different BMP scenarios across 54 cropping fields using both the NY 
P-Index and an uncalibrated SWAT-VSA model. Relative P loss predictions simulated by 
the P-Index and SWAT-VSA were evaluated for directional correctness of the proposed 
BMP scenarios (Ketterings et al., 2017). 
 
In this chapter a comprehensive literature review was presented, which covered the 
current knowledge on the effects of agricultural cropping systems on watershed and field-
scale water quality and hydrology. The effects of agricultural BMPs on water quality, and 
methods for evaluating BMP effectiveness, were also discussed. From this comprehensive 
literature review it is apparent that: (1) further research quantifying the field-scale effects 
of commonly used BMPs on water quality and hydrology in the Northeastern U.S. is 
needed (ideally using a long-term edge-of-field monitoring approach), and (2) with the 
growing adoption of P site assessment tools for the development of nutrient management 
plans across the country, there is a need for research that evaluates the effectiveness of 
these tools, which could aid in the development of P site assessment tool improvement. 
This thesis aims to help address these two deficiencies in the scientific body of knowledge. 




BMP, soil aeration, on field-scale hydrology and water quality from haylands in the 
Northeastern U.S. The third chapter of this thesis identifies improvements that could be 
made to the VT P-Index by comparing varying management scenarios for corn fields in a 
small agricultural watershed in VT using two different water quality prediction tools (i.e. 
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Soil aeration is increasingly being used on haylands in the Northeastern U.S. as a 
water quality best management practice (BMP) to decrease runoff volumes and flow rates, 
and the associated export of the nutrients nitrogen (N) and phosphorus (P). However, there 
is a lack of data on the effects of soil aeration on field-scale hydrologic and nutrient fluxes 
in cold-climate regions. The objective of this study was to evaluate the effects of soil 
aeration prior to dairy manure application on edge-of-field hydrology, water quality, and P 
fluxes in haylands in Vermont, U.S., during both precipitation and snow-melt induced 
runoff events. Edge-of-field (EoF) water quality monitoring techniques were used to 
continuously measure the losses of surface runoff and the associated export of nutrients 
and sediment year-round from 2012 to 2018. Additionally, subsurface losses of P and 
annual P fluxes in the form of vegetative uptake and removal, manure additions, and soil 
test P were also recorded. Aeration reduced total suspended solids (TSS), total P (TP), total 
N (TN), and total dissolved N (TDN) mean runoff-event concentrations by 22, 32, 25, and 
34%, respectively. Event mean surface runoff volume increased by 16% due to aeration, 
resulting in no significant reductions in nutrient load exports during non-winter runoff 
events. However, TP and TDP loads were significantly reduced during large winter thaw 
events, often occurring months after aeration took place. Potential increases in surface and 




considered before implementation of soil aeration on haylands with high runoff producing 
soils in cold climate regions. 
 
 Edge-of-Field Monitoring for Evaluation of BMPs 
Dairy cropping systems are among the largest contributors of phosphorus (P), 
nitrogen (N), and sediment affecting freshwater systems in watersheds across the 
Northeastern United States, including the Lake Champlain Basin in western Vermont 
(LCB, 2018; EPA, 2016). Conventional agricultural management practices associated with 
dairy feed production have been shown to cause changes in watershed hydrology and water 
quality, including increased runoff volumes and flow rates, and downstream eutrophication 
(Daniel et al., 1998; Reeves, 1997; Withers et al., 2014). In the Vermont portion of the 
Lake Champlain Basin, where approximately 14.5% of the land area is devoted to dairy 
production, it has been estimated that agriculture contributes 38% of the total phosphorus 
(TP) load discharged into Lake Champlain annually (Parsons, 2010; EPA, 2016). 
Agricultural best management practices (BMPs) have the potential to decrease runoff 
volumes and flow rates and the associated export of nutrients and sediment from 
agricultural fields, reducing the contribution of cropping systems to water quality 
degradation (Logan, 1993; Sharpley et al., 2006; Liu et al., 2017). BMPs are being widely 
adopted in watersheds with large areas in agricultural production in Northeastern U.S. to 
mitigate the negative impacts of agriculture on water quality at the watershed scale 
(Sekellick et al., 2019; VAAFM, 2019). Farmers are adopting water quality BMPs both 
voluntarily and as mandated at the state level. In Vermont, state law requires that all 




implementation of selected water quality BMPs and the use of evolving P site assessment 
tools for the development of nutrient management plans (VAAFM, 2018; NRCS, 2014).  
Evaluating the effects of BMPs on non-point source pollution is a critical concern 
in many regions across North America that suffer from increasing nutrient enrichment of 
surface water bodies. Quantifying water quality at the field scale, using edge-of-field (EoF) 
monitoring, is necessary for evaluating the effectiveness of in-field management practices 
(Reba et al., 2003; Harmel et al., 2018; Daniels et al., 2018). Long-term EoF monitoring 
that utilizes a paired-watershed study design is ideal for capturing BMP treatment effects 
by minimizing the influence of natural variability in water quality and hydrology between 
study fields (Clausen and Spooner, 1993). However, long-term EoF studies are uncommon 
due to the high cost and the difficult nature of monitoring and quantifying field-scale 
runoff. Year-round monitoring that captures snowmelt runoff events during winter months 
in cold-climate regions is in particular demand due to the difficulties of monitoring surface 
runoff generated during freeze-thaw cycles (Liu et al., 2014; Harmel et al., 2018). While 
raindrop impacts can cause the erosion of bare soils, frozen soils during snowmelt runoff 
events can restrict erosion and associated particulate nutrient losses (Kinnell, 2005; Hansen 
et al., 2000; Ginting et al., 1998; Ulen, 2003). Additionally, the extended period of soil-
water contact time associated with snowmelt runoff events can increase soil nutrient 
sorption and desorption reactions (Hansen et al., 2000; Tiessen et al., 2010). Therefore, 
winter runoff events are generally dominated by dissolved nutrient losses. The effects of 
BMPs on runoff volume, erosion, and nutrient transport at the field-scale can differ greatly 
in regions where snowmelt runoff is prevalent in relation to regions where runoff is strictly 




Northeastern U.S., where state regulations are beginning to require farmers to implement 
water quality BMPs, field-scale water quality data, that acknowledge regional climatic and 
production differences, are still needed to inform policy, programs, and nutrient 
management recommendations. 
 Soil Aeration 
Soil aeration is the process of creating thin slots of variable length and depth that 
are cut into the soil surface with mechanized equipment. The dominate type of soil aeration 
is slit aeration, where solid tines are used to puncture holes in the soil surface. Less common 
is core aeration, where soil cores are removed from the soil surface (Franklin et al., 2006; 
Franklin et al., 2007). Improved soil infiltration through aeration has been attributed to 
increased surface soil porosity and the creation of preferential flow paths (i.e. macropores), 
as well as greater soil surface roughness (Maguire et al., 2011a; Franklin et al., 2007). 
Aeration may also promote nutrient adsorption, in soils with additional sorption capacity, 
by increasing the contact time of surface runoff with the soil (Maguire et al., 2011a; Vliet 
et al., 2006; Franklin et al., 2007). Aeration may also promote oxidation in the soil, 
ensuring redox conditions where P remains held to Fe (i.e. avoiding reduced conditions 
where some P may be liberated into the soil solution), however limited research has been 
on this process in the context of soil aeration (Plant and Reddy, 2001). Soil aeration can 
occur prior to manure application with the objective of facilitating infiltration of liquid 
manure, surface runoff, and associated nutrients (Vliet et al., 2006; Maguire et al., 2011a). 
It has also been applied after manure application, acting as a manure incorporation 
technique, aimed at increasing the nutrient supply to crops and reducing nutrient losses in 




Soil aeration is becoming more commonly used in the Northeastern U.S., but the 
effects of soil aeration in the regions soil and climate conditions are understudied and the 
impacts of these practices on EoF nutrient losses, notably during snowmelt runoff events, 
are not well understood. Results from the few studies that have evaluated the effects of soil 
aeration on nutrient losses have been highly varied (Maguire et al., 2011b; Vliet et al., 
2006; Franklin et al., 2007; Jokela et al., 2016; de Koff et al., 2011; Courane et al., 2011; 
and Pote et al., 2003).  Table 2.1 summarizes the effects of soil aeration on runoff volumes 
and water quality parameters reported in past studies.  
 
 
Table 2.1: Summary of percent change in water quality properties due to soil aeration, in relation to conventional practices. Percent increase 
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Vliet et al. (2006) studied the effect of slit soil aeration prior to dairy and swine 
manure application on alluvial silt to sandy loam soils in western Canada. They found that 
aeration slots comprising about five percent of a field’s surface area had the ability to hold 
over half the amount of liquid manure applied to the field. Over the four years of the study, 
they observed between 47 and 81% lower runoff volumes and 25 to 75% lower TP loads 
in the aerated field relative to a non-aerated control field annually. They also observed less 
suspended solids (48 to 69%), volatile solids (42 to 83%), and total Kjeldahl nitrogen 
(TKN) (56 to 81%) exports in the aerated field (Vliet et al., 2006). Similarly, Moore et al. 
(2003) found that slit aerated plots in Arkansas under simulated rainfall resulted in less 
surface runoff (45%), less total nitrogen (TN) (55%), and less TP (43%), in comparison to 
non-aerated plots. Jokela et al. (2016) compared the effects of manure application 
following banded-tine aeration to standard broadcast manure application on silage corn-
cereal rye cover crop fields in Wisconsin with somewhat poorly drained Withee silt loam 
soils receiving simulated rainfall events. They observed 53% less dissolved reactive P 
(DRP) loss and no significant difference in TP loss due to aeration (Jokela et al., 2016).   
At the plot-scale, Shah et al. (2004) observed reductions in runoff volumes 
associated with slit aeration prior to manure application for only one of six rainfall events 
and no significant reductions in DRP and TP in comparison to other dairy manure 
application methods on well-drained Westmoreland silt loam soils. A paired watershed 
study in Georgia that evaluated the P loss impacts of slit aeration on grassland immediately 
following broiler litter application found that when aeration was applied on well-drained 
to moderately well-drained soils (Cecil and Altavista) runoff and DRP load losses were 





DRP and TP mass loads and runoff volumes (Franklin et al., 2007; Franklin et al., 2011). 
A number of other studies have found aeration on somewhat poorly-drained soils had either 
no significant difference or greater runoff and P losses, in comparison to non-aerated sites 
(de Koff et al., 2011; Courane et al., 2011; Pote et al., 2003). 
 Research Objectives 
The objectives of this study were to quantify the field-scale hydrologic and water 
quality effects of slit soil aeration prior to broadcast dairy manure application on haylands 
with poorly-drained, high runoff producing soils in the Northeastern U.S. The effects of 
soil aeration on the export of runoff volume, nutrient concentrations and loads (TP, total 
dissolved P [TDP], TN, and total dissolved N [TDN]), as well as total suspended sediment 
(TSS) concentration and loads from field-scale paired watersheds during discrete runoff 
events were evaluated. While N losses in surface runoff were monitored and evaluated in 
this study, P dynamics were the focus of this paper due to the greater effect P has on water 
quality of freshwater bodies, which is driving a high level of interest and investment in the 
mitigation of P losses by Northeastern states. The effects of soil aeration during winter 
runoff events, when soils were predominately frozen, on runoff volume and nutrient and 
sediment concentrations and loads were also evaluated. Additionally, in-field 
measurements of P sources (applied manure), stocks (soil test P), and exports (sub-surface 
leaching and harvested forage) were evaluated with the objective of better understanding 






 Site Descriptions and Experimental Design 
A paired watershed study design was used to evaluate and the effect of soil aeration 
prior to manure application on mixed legume-grass haylands in the Northeastern U.S. 
Paired hay fields of an operational dairy farm within the Lake Champlain Basin in western 
Vermont (Chittenden County) were monitored year-round from October 2012 through 
December 2018 for water quantity and quality using EoF monitoring stations (Figure 2.1). 
The paired fields consisted of a control field (broadcast manure application without prior 
aeration) and a treatment field (aeration prior to manure application). The fields were 
chosen based on their proximity to one another (1.7 km apart) and similarities in drainage 
area, soil type, slope, and aspect (Table 2.2). Soils in the fields were not identical but were 
both dominated by clay-textured soils with a Natural Resources Conservation Service 
(NRCS) Hydrologic Soil Group (HSG) of D (highest runoff potential). Soils in the control 
(non-aerated) field were moderately well-drained Vergennes (Very-fine, mixed, active, 
mesic Glossaquic Hapludalfs) clay. Soils in the treatment (aerated) field were 89.4% 
poorly-drained Covington (Very-fine, mixed, active, mesic Mollic Endoaqualfs) clay and 
10.6 % well-drained Palatine (Loamy-skeletal, mixed, active, mesic Typic Hapludolls) silt 
loam. Both fields had been in continuous hay production for over ten years prior to the 
initiation of the study in 2012. The annual average precipitation in the area is approximately 
94 cm and the annual mean temperature is approximately 7.8˚C. 
A calibration period was conducted from October of 2012 to June of 2014 where 
each field received the same management practices and timing of implementation, with the 





(Table 2.3). During the calibration period, broadcast manure application occurred on un-
disturbed soils. Manure application events occurred on each field within three days of one 
another. The treatment period began on June 10th, 2014 when soil aeration prior to 
broadcast manure application was first applied to the aerated field. Aeration was performed 
using a 4.42-meter-wide vertical-tine aerator and occurred eight times during the treatment 
period. There were three additional manure application events in the treatment field, for 
which soil aeration did not take place beforehand, due to wet soil conditions. 
 
Figure 2.1: Location and field maps of paired-watersheds within the Lake Champlain Basin. Shaded 
areas in field maps represent watershed boundaries (red: non-aerated field, blue: aerated field). 
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Table 2.3: Timeline of agricultural management practices conducted in the paired-fields during both 
the calibration and treatment periods. 
 Period Year Management/Operations 
Date 
Non-Aerated Aerated 
Calibration 2012 First harvest 6/5 6/9 
  Second harvest 7/19 7/24 
  Manure applied 9/4 9/3 
  
95 sheep grazed, rotated between 3-5 
paddocks 
12/7 - 12/14 N/A 
     
 2013 First harvest 7/13 7/13 
  Manure applied 8/2 8/2 
  Second harvest 9/4 9/3 
     
Treatment 2014 First harvest 6/8 6/8 
  Soil aeration N/A 6/10 
  Manure applied 6/10 6/10 
  Second harvest 7/17 7/17 
  Third harvest 9/4 8/27 
  Manure applied 10/21 10/21 
     
 2015 First harvest 6/3 6/3 
  Second harvest 7/17 7/16 
  Soil aeration N/A 7/27 
  Manure applied 7/30 7/29 
  Third harvest 8/31 8/30 
  Soil aeration N/A 10/19 
  Manure applied 10/19 10/19 
     
 2016 First harvest 6/1 6/1 
  Soil aeration N/A 6/7 
  Manure applied  6/8 6/8 
  Second harvest 7/15 7/15 
  Manure applied 7/21 7/21 
  Third harvest 8/20 8/20 
  Manure applied 10/26 10/26 
     
 2017 First harvest 5/28 5/28 
  Soil aeration N/A 7/14 
  Manure applied 7/15 7/18 
  Second harvest 7/8 7/9 
  Third harvest 8/21 8/22 
  Soil aeration N/A 11/12 
  Manure applied 11/13 11/13 
     
 2018 First harvest 6/1 6/1 
  Soil aeration N/A 6/11 
  Manure applied 6/13 6/12 
  Second harvest 8/16 8/13 
  Soil aeration N/A 8/14 




 Surface Runoff 
Monitoring of surface runoff events was conducted year-round for the duration of 
the study period (October, 2012 – December, 2018). A surface runoff event was defined as 
a discrete episode of discharge from a flume, generated by either rainfall or snow/ice melt. 
Each field was equipped with an EoF monitoring station consisting of a fiberglass H-flume, 
an ultrasonic water level sensor (Teledyne ISCO 2110 Ultrasonic Flow Module), an 
automatic water sampler (Teledyne ISCO-6712), and a tipping bucket rain gauge (Figure 
2.2). Any surface runoff generated in the control or treatment field was assumed to exit the 
field via its respective flume. A high-resolution survey allowed for watershed delineation, 
and soil embankments and plywood wingwalls aided in diverting runoff to each flume. The 
water-level sensor continuously measured the stage in each flume which was converted to 
flow rate (m3 s-1) by pre-established hydraulic properties of the flumes. Runoff level, flow 
rate, and sampler event data (time when water sample was taken) was transmitted from the 
autosampler via telemetry every 30 minutes for the duration of a runoff event. This allowed 
for research personnel to view real-time event flow data remotely. The autosampler intake 
tube was attached to a splash-pan at the outlet of each flume, where water samples were 
collected. Water samples were then stored onsite until collected and transported for water 






Figure 2.2: EoF monitoring equipment. (a) H-Flume with ultrasonic water level sensor and splash-
pan with autosampler intake tube. (b) EoF monitoring shed with ISCO autosampler. 
 
To avoid drawing air into the autosampler, and due to the difficulty of accurately 
measuring discharge at low flows, the start and end of a discharge event was defined as a 
stage of 1 cm. Ice formation in the flumes during winter months could cause inaccurate 
flow measurements and trigger false sampling of the autosampler. In the case where a 
runoff event was followed by ice formation in the flume, stage data were adjusted by fitting 
a trend-line from the portion of data that preceded ice-formation to the points where ice or 
snow was fully removed from the flume. Events with less than 75% of the runoff sampled 




Flow-based water quality sampling was used, with samples continually collected at 
pre-determined flow intervals throughout the duration of each runoff event. To capture 
both small and large runoff events (relative for each field) a two-part sampling program 
was used. The first part (set-A) represented small to medium sized runoff events and the 
second part (set-B) represented medium to large runoff events. Set-A collected sub-
samples at 10.5 times the frequency of set-B. Frequency of sub-sample collection was 
determined based on the flow characteristics observed from runoff events during the start 
of the calibration period. Each sampling set consisted of two 10 L polyethylene containers, 
“carboys,” for sample storage, which were filled in sequence, the second beginning to 
receive sub-samples after the first had met its capacity. If sampling set-B contained a 
sufficient volume to analyze all of the water quality constituents (750 ml), then it was 
chosen for analysis and set-A was discarded. If there was not a sufficient volume in set- B, 
set-A was chosen for analysis and set-B was discarded.  
Surface runoff samples were analyzed for TP, TDP, TN, TDN, and TSS. The entire 
volume of water within the chosen set of containers was composited using a churn splitter, 
and separate aliquots for each analyte were separated into individual centrifuge tubes. TDP 
and TDN splits were filtered in the field using a 0.45 µm membrane filter. For sample 
preservation, TN and TDN splits received two drops of 48% H2SO4 at the time of 
collection. Once collected (within 24 hours of an event), samples were stored at 4˚C until 
analyzed. Samples were analyzed by the Vermont Agriculture and Environmental 
Laboratory (VAEL) located in Burlington VT by standard methods for: TP (SM 4500-P H: 




Modified: semi-micro-Kjeldahl method), TDN (SM 4500-N C Modified), and TSS (SM 
2540-D: total suspended solids dried at 103-105 ˚C). 
 Subsurface Phosphorus Exports 
Each field was implemented with one passive capillary lysimeter (Decagon 
Devices, Drain Gauge G3) placed approximately 30.5 cm below the soil surface, to avoid 
interference with aeration and tillage operations. Sample-extraction tubing was placed in 
buried plastic conduit from the in-field lysimeter to an aboveground sampling port located 
near the respective field’s EoF monitoring station. The water level in each lysimeter was 
measured every five minutes for the years of 2017 and 2018 and stored in a data logger on-
site. Volume of leachate was calculated based on water level data and lysimeter 
dimensions. Lysimeter samples were collected every two weeks and after the first leaching 
event following any manure application. Leachate samples were pumped out of the 
underground reservoir, using a battery powered vacuum pump, into a 1 L collection bottle. 
A discrete subsurface leaching event was defined as any individual sample successfully 
pumped out of a lysimeter. Leachate samples were analyzed for TP and TDP. The methods 
for processing leachate samples were the same as the methods for processing surface runoff 
TP and TDP samples. A piezometer was installed at the treatment field in 2016 in order to 
monitor groundwater levels and validate groundwater intrusion events observed in the 
lysimeter stage data. 
 Manure, Forage, and Soil Phosphorus Fluxes 
Manure application rate and manure P concentrations, as well as harvested forage 




and used to calculate annual mass loads of applied and harvested P from both study fields. 
A grab sample of manure was taken on the day of each manure application, immediately 
frozen, and submitted for P content analysis. Manure samples were analyzed at the 
University of Maine Analytical Lab and Maine Soil Testing Service using a dry-ashing 
method adapted from AOAC 985.01 (Wolf et al., 2003). Volume of manure applied to each 
field was recorded after each application and resulting P application rates were then 
calculated.  
Forage P content was analyzed within two days prior to each harvest event. Forage 
samples were collected by cutting forage inside a quadrat at ten equally-spaced locations 
along two transects (20 subsamples) that crossed in the middle of each field. The 20 
subsamples were dried at approximately 55˚C for up to a week and then weighed. Dried 
subsamples were ground, composited, and then sent to Dairy One in Ithaca, NY for analysis 
of dry matter (NFTA Method 2.2.1.1), and percent P (CEM MARS6 microwave digestion 
of feed grain method). In 2016 and 2017 hay was harvested a total of three times from each 
field. In 2018 only two harvests occurred at each field due to dry weather conditions.  
Soil sampling occurred in each field in April of 2016 and again in November of 
2018. Thirty soil cores were randomly sampled at a depth of 15.25 cm from each field and 
composited before being sent to the Cornell University Soil Health Lab where a 
Comprehensive Assessment of Soil Health (CASH) was conducted. Soil P was analyzed 




 Statistical Analysis 
2.2.5.1 Event-Based Treatment Effects 
Surface-runoff volumes, nutrient concentrations and nutrient loads were tabulated 
on a per-event basis, and runoff events that were un-paired (runoff occurred at one field 
but not the other) were removed from the data for all surface runoff event-based statistical 
analyses. Runoff volumes and nutrient loads were then normalized to watershed area. 
Paired-event surface runoff data was log-transformed, using natural logarithm, in order to 
approach normality of residuals. Normality of transformed data was tested using the 
Shapiro-Wilk test and the assessment of parameter histograms.   
A paired-watershed study design allows for the quantification of the linear 
relationships (i.e. simple linear regressions) between paired-fields for each surface runoff 
parameter during both the calibration and treatment periods. Calibration and treatment 
period regression lines can then be compared to test the significance of treatment effects. 
An analysis of covariance (ANCOVA) was used to determine if there were significant 
treatment effects due to aeration on EoF runoff volume and water quality in the aerated 
field compared to the non-aerated field, as described by Clausen and Spooner (1993). The 
ANCOVA analysis was used to test the significance in the difference between the slopes 
and intercepts of calibration and treatment period regression equations for the treatment 
and control fields. If the slopes of the two regression models (calibration and treatment) 
significantly differed, then a full model that included the interaction between the regression 
models was used. If the intercepts of the two regression models significantly differed, then 




of ANCOVA were met, homogeneity of variance was tested by visually assessing boxplots 
of the data.  








Where; OM= observed event mean for the aerated field during the treatment period, 
and PM= predicted event mean for the aerated field during the treatment period. The PM 
was calculated using the calibration period simple linear regression equation for each 
parameter, in the form of:  
 
𝑃𝑀 = (𝑛𝑜𝑛⁡𝑎𝑒𝑟𝑎𝑡𝑒𝑑⁡𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑⁡𝑣𝑎𝑙𝑢𝑒 × 𝑠𝑙𝑜𝑝𝑒) + 𝑦⁡𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 
 
The percent change value is a way of comparing the results observed in the aerated field to 
results from the non-aerated field, while controlling for natural variations between the two 
fields.   
2.2.5.2 Winter Runoff Event Treatment Effects 
In order to assess the effects of soil aeration prior to manure application during 
winter runoff events, surface runoff data was collated into two groups; winter and non-
winter. Winter season data were designated as runoff events that occurred from November 




from April 15th to October 31st. Winter season dates were based on the Vermont State 
winter spreading ban of manure that has been in place since 1995 (December 15th - April 
1st), and altered to better represent the time period where the risk of frost is highest. A non-
parametric Mann-Whitney U (Wilcoxon Rank Sum) test was used to compare runoff 
volumes and water quality parameters between the aerated and non-aerated fields during 
winter and non-winter seasons. 
2.2.5.3 Annual Phosphorus Fluxes 
Annual mass loads of manure P applied, and forage P harvested were compiled for 
each field for comparison. Subsurface leachate and P exports were tabulated on a per-event 
basis. Subsurface leaching events were evaluated for groundwater intrusion via piezometer 
and lysimeter water level data. Six subsurface event samples that had been impacted by 
groundwater intrusion were removed from the data for analysis. The non-parametric 
Wilcoxon Rank Sum test (also known as Mann-Whitney Rank Sum) was used to test the 
difference in subsurface leachate and P export event means between the two study fields 
for the years of 2017 and 2018. 
 
 Event-Based Treatment Effects 
2.3.1.1 Calibration Period 
During the calibration period (10/4/2012 – 6/10/2014), the average event rainfall 
for both the non-aerated and aerated field was 15.08 mm. The average event runoff volumes 
for the non-aerated and aerated fields were 114.3 m3 ha-1 (11.43 mm) and 100.3 m3 ha-1 
(10.03 mm), respectively (Table 2.4). Note that although we will refer throughout this 




only aerated during the post-calibration monitoring period. Neither field was aerated during 
the calibration period. Although the non-aerated field was 0.4 ha smaller than the aerated 
field, it was more prone to runoff production, with 41 surface runoff events occurring in 
the non-aerated field and 27 in the aerated field during the calibration period, resulting in 
27 paired events. Three of the un-paired events (runoff only occurring in non-aerated field) 
were due to equipment or sampling malfunction; however, the other 11 un-paired events 
were due to the natural hydrological differences between the fields (i.e. soil bulk density, 
soil texture, and hydraulic conductivity). 
Seven of the 27 paired-events during the calibration period had runoff volumes 
greater than the event average (non-aerated=11.43 mm and aerated=10.03 mm) for both 
fields. The other 20 events were below average runoff events. June of 2013 was the month 
with the largest cumulative runoff volume (non-aerated field=120.3 mm and aerated 
field=105.4 mm) during the entire monitoring period (Figure 2.3). Thus, the linear 
relationships between the paired-fields during the calibration period account for both small 
and large storm events, with a somewhat evenly-spread distribution. The calibration period 
linear regression relationships for each of the parameters (runoff volume and TP, TDP, TN, 
TDN, TSS concentrations and loads) met the assumptions of ANCOVA (normally 
distributed and homogeneity of variance) and were significant (ANOVA, P<0.1) (Table 




Table 2.4: Summary of event mean runoff and water quality values for the paired-fields during both the calibration and treatment periods. 
 
 
†During the calibration period the “Aerated” field received the same management as the control field (broadcast dairy manure application 
without prior aeration). 
Time period Field Statistic 
Runoff 
(m3/ha) 
TP TDP TN TDN TSS 






Mean 114.3 0.3 37.8 0.3 34.3 1.3 162 1.1 136.9 6.8 1018.6 
Median 52.3 0.3 22.2 0.2 20.6 1.3 90.7 1.1 79.2 6.0 560.4 
Aerated† 
Mean 100.3 0.3 25.3 0.2 18.4 2.1 234.3 1.1 103.9 20.5 3245.8 






Mean 120.5 0.6 61.8 0.5 55.4 2.1 210.2 1.7 167.7 17.4 2934.1 
Median 67.7 0.4 31.4 0.3 27.8 1.8 142 1.6 128.9 6 456.3 
Aerated 
Mean 107.7 0.4 42 0.4 34.5 2 189.7 1.6 154.6 15.2 2384.3 







Figure 2.3: Monthly summed runoff and rainfall depths for the non-aerated (control) and aerated (treatment) fields during the duration of the 
monitoring period (October, 2012 – December, 2018). The vertical dashed line indicates the start of the treatment period (with aeration of the 








Along with mean runoff volume, TP, TDP, and TDN loads were higher in the non-
aerated field than in the aerated field during the calibration period (Table 2.4). Mean TP, 
TDP, and TDN concentrations were similar between the paired-fields, with TDP 
concentrations being slightly higher in the non-aerated field. Therefore, larger mean P and 
TDN loads observed in the non-aerated field are most likely due to the larger runoff volume 
produced. In contrast, the aerated field had larger mean TSS concentration and load values 
than the non-aerated field. Larger TN concentration and load means were also measured in 
the aerated field. These inherent, natural background variations in hydrological and water 
quality characteristics between the paired-fields highlight why calibration periods are 
critical in these types of studies. 
2.3.1.2 Treatment Effects 
During the treatment period (6/10/2014 – 12/31/2018) the average event rainfall 
amount for both of the paired-fields was 8.54 mm. The average event runoff volumes for 
the non-aerated and aerated fields were 120.5 m3 ha-1 (12.05 mm) and 107.7 m3 ha-1 (10.77 
mm), respectively (Table 2.4, Figure 2.3). In total, 82 runoff events were sampled in the 
non-aerated field and 62 were sampled in the aerated field during the treatment period. 
However, eight paired-events were removed from the data due to inaccuracy caused by 
runoff bypass via soil freeze-thaw ruptures around the flume and wingwall apparatus and 
ice formation in the flume, leaving 54 valid paired-events. Four of the 20 un-paired events 
were caused by equipment or sampling malfunctions in the treatment field, including 
sampling constraints caused by winter conditions. The remaining 16 un-paired events were 




2.3.1.2.1 Runoff Volume 
The calibration and treatment period linear regressions for event runoff volume had 
significantly different slopes and intercepts, therefore the full interaction model was used 
to determine the treatment effect on runoff export (Table 2.5, Figure 2.4.a). Soil aeration 
resulted in a 16.2% increase in mean event runoff volume compared to the non-aerated 
field (Table 2.5). The trends in the calibration and treatment period regressions shown in 
Figure 2.4.a suggest that this increase in event mean runoff volume in the aerated field was 
driven by increases in runoff volume during small to medium sized runoff events. It appears 
that aeration resulted decrease in runoff volume during the largest runoff events. The 
largest runoff event measured in the aerated field during the treatment period occurred 
during the month of June. However, the next four largest runoff events occurred during the 
time period we defined as winter (November 1st – April 14th). In cold-climate regions, 
snowmelt event runoff volumes often exceed rainfall induced event runoff volumes 
(Hansen et al., 2000). The reduction in runoff volumes due to aeration that were observed 
during the largest events could partially be a result of the seasonal differences between 





Table 2.5: Summary of linear regression relationships between the paired-fields for the calibration and treatment periods and analysis of 
covariance results for log-transformed mean runoff and water quality concentrations and area- weighted loads. Treatment effect of aeration on 






Calibration Period Treatment Period 






n Slope Intercept R2 p-value n Slope Intercept R2 p-value Slope Intercept 
Runoff (m3/ha) full 27 1.45 -2.58 0.84 1.57E-11* 54 0.88 0.37 0.78 1.03E-18* 2.88E-05* 9.42E-04* 3.49 4.06 16.2 
Concentrations (mg/L)                
TP reduced 20 1.01 -0.12 0.82 2.35E-08* 52 1.01 -0.37 0.77 1.31E-17* 0.526 0.0159* -0.919 -1.21 -32.1 
TDP reduced 20 1.06 -0.24 0.77 2.39E-07* 52 1.06 -0.41 0.72 1.65E-15* 0.314 0.165 -1.22 -1.45 -18.4 
TN reduced 19 1.03 0.02 0.62 7.08E-05* 52 1.03 -0.17 0.64 7.22E-13* 0.874 0.0376* 0.645 0.481 -25.4 
TDN reduced 20 1.11 -0.02 0.49 3.50E-04* 52 1.11 -0.2 0.63 2.57E-12* 0.809 0.0495* 0.423 0.279 -34.05 
TSS reduced 20 0.65 1.46 0.16 4.70E-02* 52 0.65 0.87 0.51 4.78E-09* 0.902 0.00207* 2.67 2.09 -21.6 
Loads (g/ha)                 
TP full 20 1.27 -1.59 0.74 7.13E-07* 48 1.02 -0.63 0.74 3.07E-15* 0.154 0.375 2.86 2.96 3.38 
TDP full 20 1.24 -1.66 0.75 5.13E-07* 48 0.95 -0.44 0.65 3.73E-12* 0.105 0.154 2.57 2.73 6.21 
TN full 19 1.27 -1.67 0.67 6.78E-06* 48 1.13 -0.97 0.77 2.02E-16* 0.443 0.881 4.62 4.62 0 
TDN full 20 1.34 -2.12 0.78 1.73E-07* 48 1.09 -0.76 0.7 1.76E-13* 0.17 0.198 4.33 4.44 2.57 








Figure 2.4: Significant aerated (treatment) vs non-aerated (control) regression plots for calibration 
(dashed blue line) and treatment periods (solid black line) for log-transformed paired-event EoF 
runoff and water quality parameter data: (a) discharge (m3 ha-1) relationships, (b) TSS (g ha-1) 
relationships, (c) TP (mg L-1) relationships, (d) TN (mg L-1) relationships, (e) TDN (mg L-1) 
relationships, and (f) TSS (mg L-1) relationships. Red asterisks represent events that occurred within 









Our finding, that aeration resulted in an increase in event mean runoff volume on 
poorly-drained, high runoff potential soils is consistent with the results presented by Shah 
et al. (2004), DeLaune et al. (2013), Franklin et al. (2007), Franklin et al. (2011), and De 
Koff et al. (2011) who all observed generally larger runoff volumes in aerated fields in 
comparison to non-aerated fields. Butler et al. (2008) observed no effect of slit aeration on 
runoff volume on well-drained sandy loam soils and attributed the lack of runoff reduction 
to localized soil compaction caused by slit aeration. A number of studies have shown that 
the effect of aeration on runoff reduction is short-term due to the accumulation of sediment 
and residuals in the soil slits, reducing their size over time (DeLaune et al., 2013; DeLaune 
and Sij, 2012; Van Vliet et al., 2006 and De Koff et al., 2011). The application of soil 
aeration once or twice a year in the aerated field (Table 2.3) may have been infrequent 
enough to cause a general reduction in the soil infiltration rate through the accumulation of 
soil, plant residue and manure particulates. Indeed, Van Vliet et al. (2006) found that soil 
aeration slits decreased 30 to 44% in length and 37 to 63% in depth one month after aeration 
on alluvial silt to sandy loam soils. Other studies concluded that the ability of soil aeration 
to reduce runoff volumes through increased soil infiltration is no longer present six weeks 
to three months after treatment (DeLaune et al., 2013; DeLaune and Sij, 2012 and de Koff 
et al., 2011). However, when runoff events that occurred less than eight weeks after soil 
aeration in this study were compared to all other events, there was no clear trend (Figure 
2.4.a). It does not appear that there was less runoff during the events immediately following 




2.3.1.2.2 Total Suspended Solids 
The calibration and treatment period linear regressions were significantly different 
for both TSS concentration and load parameters (Table 2.5). The slopes of the calibration 
and treatment period linear regressions were not significantly different for TSS 
concentration, so a reduced model was used (Figure 2.4.f). Aeration reduced mean event 
TSS concentrations by 21.6%. This reduction in the aerated field could be due to increased 
soil surface roughness causing sediment runoff to slow and accumulate in the soil slits.  
For TSS load, the slopes of the calibration and treatment regressions were 
significantly different (Figure 2.4.b). The trend between TSS load calibration and 
treatment period linear regressions is similar to the relationship observed in runoff volume 
regressions (Figure 2.4.a; Figure 2.4.b). Aeration prior to manure application increased 
the export of TSS load during small to medium sized runoff events, but reduced TSS load 
during large events, which could be correlated to the largest events taking place during 
winter months when soils are frozen, and less prone to detachment and transport. Overall 
aeration reduced TSS load by 3.84%. This relatively small reduction in TSS load, 
compared to the reduction in TSS concentration, is likely due to the impact of runoff 
volume on load calculations. The increase in runoff seen in the aerated field appeared to 
dampen the benefit of reduced TSS concentrations.  
Other studies have also shown an influence on TSS loads due to aeration, but with 
a greater magnitude, perhaps partly due to differing soil texture, antecedent moisture 
conditions, or event characteristics. For example, Van Vilet et al. (2006) observed 48 to 
67% reductions in TSS load exports on silt loam soils receiving slit aeration prior to dairy 




observed 23 to 28% lower TSS export in fields receiving slit aeration after dairy slurry 
application in comparison to a non-aerated field. 
2.3.1.2.3 Nutrient losses 
The calibration and treatment regressions for TP, TN, and TDN concentrations had 
significantly different intercepts, so reduced models were used to assess the effect of 
aeration on the export of these parameters (Table 2.5, Figure 2.4.c, d, & e). Aeration prior 
to dairy manure application reduced TP concentration by 32.1% in comparison to the non-
aerated control (Table 2.5). Although aeration appeared to reduce TDP concentration by 
18.4% this reduction was not statistically significant. This finding is similar to the results 
presented by de Koff et al. (2011), who found that aeration with liquid swine manure 
applications on haylands with Pickwick and Taft silt loam soils reduced TP concentrations 
by 5 to 41% and DRP concentrations by 8 to 37%. When evaluating the effects of aeration 
roller angles of 0˚, 5 ˚, and 10 ˚ on runoff characteristics on wheat systems in the Southern 
Great Plains of the U.S., DeLaune et al. (2013) found that aeration applied at 5˚ and 10˚ on 
Wichita clay loam soil reduced TP and SRP concentrations and loads during the first runoff 
event following manure application. However, they saw no reduction in aeration applied 
at 0˚. They attributed the reduction of P in the higher angle aeration applications to the 
increase in soil disturbance resulting in more P sorption sites.  
While aeration numerically reduced TDP concentration by 18.4%, this reduction 
was not statistically significant (Table 2.5). This is in contrast to results presented by Jokela 
et al. (2016), who found that TP load reductions were not significant but reductions in 




effective at reducing DP exports in comparison to non-aerated fields. The relatively large 
reductions in DP reported in past studies could be due to increased sorption reactions 
associated with slower runoff flow rates and exposed soil surfaces and sorption sites that 
are a result of aeration.  
Aeration reduced TN and TDN concentrations by 25.4% and 35% respectively 
(Table 2.5, Figure 2.4.d, Figure 2.4.e). This observation, where aeration was more 
effective at reducing the dissolved form of N than total N, is the converse of what was 
found for P concentrations. However, it is consistent with the findings presented by Jokela 
et al. (2016) who found that banded aeration significantly reduced ammonium-N (NH4-N) 
compared to non-aerated fields but yielded no significant reduction in TN. Other studies 
have also reported reductions in particulate (Van Vliet et al., 2006; de Koff et al., 2011; 
Butler et al., 2008) and dissolved N exports due to aeration (Van Vliet et al., 2006).  
None of the nutrient load calibration and treatment regressions were significantly 
different, therefore aeration had no statistical effect on nutrient load exports in comparison 
to the non-aerated field. It appears that while TP, TN, and TDN event mean runoff 
concentrations in the aerated field were significantly reduced (compared to predicted event 
mean, i.e. scaled non-aerated event mean), the concurrent increase in runoff volume 
resulted in no significant reductions in nutrient loads. This finding suggests that the 
potential for increased runoff volumes could negate the nutrient infiltration and sorption 
benefits associated with aeration. 
 Winter Runoff Event Treatment Effects 
Runoff, sediment, and nutrient load event means were much lower for both fields 




2013-2014 winter season was characterized by deep soil frost penetration and ice formation 
in the fields and flumes. The impediment of soil erosion and nutrient losses due to frozen 
soils, in conjunction with high spring runoff volumes from snow and ice-melt, could 
explain the relatively small winter season exports. During the treatment period, winter and 





Table 2.6: Summary of winter and non-winter event means for the calibration and treatment 
periods. P-values from Mann-Whitney U test are in parentheses. 
Parameter 
Calibration Period Treatment Period 














37.08 25.46 152.90 137.73 120.07 99.07 120.95 116.26 
(0.20) (0.38) (0.52) (0.99) 
Concentrations 
(mg/L) 
        
TP 
0.40 0.43 0.29 0.24 0.64 0.40 0.53 0.48 
(0.60) (0.04*) (0.03*) NA 
TDP 
0.36 0.37 0.26 0.18 0.60 0.36 0.43 0.39 
(0.92) (0.002*) (0.02*) NA 
TN 
1.15 1.37 1.32 1.28 1.85 1.61 2.32 2.31 
(0.29) (0.71) (0.05*) (0.19) 
TDN 
1.03 1.14 1.10 1.07 1.57 1.41 1.75 1.77 
(0.67) (0.47) (0.08*) (0.12) 
TSS 
5.09 8.59 7.41 24.52 14.43 7.24 20.17 22.95 
(0.12) (6.2E-04*) (0.94) NA 
Loads (g/ha)         
TP 
13.36 9.01 45.91 30.78 68.84 39.45 55.83 44.09 
(0.47) (0.29) (0.05*) (0.67) 
TDP 
11.98 7.61 41.70 21.95 64.38 36.67 47.44 32.59 
(0.25) (0.19) (0.03*) (0.27) 
TN 
39.37 33.60 202.84 301.25 192.60 174.21 225.11 202.90 
(0.60) (0.60) (0.13) (0.69) 
TDN 
34.45 27.65 171.08 129.34 165.46 149.86 169.58 158.69 
(0.47) (0.47) (0.14) (0.45) 
TSS 
200.30 250.25 1291.31 4244.32 1282.49 750.54 4255.38 3703.86 




For calibration period winter season data, none of the parameters were significantly 
different (P<0.1) between the paired fields (Table 2.6). Therefore, if significant differences 
in winter data exist during the treatment period, the differences can be attributed to soil 
aeration treatment effect. However, for calibration period non-winter season data, there 
were significant differences between the paired-fields for TP, TDP, and TSS concentrations 
(mg L-1). Therefore, the effect of soil aeration during the non-winter season could not be 
evaluated for these parameters (TP, TDP, and TSS). 
 During the treatment period, aeration had no significant effect on runoff, sediment 
or nutrient export during the non-winter runoff events. Since aeration treatments were 
applied exclusively during the non-winter season, this suggests that aeration did not result 
in the short-term hydrologic or water quality benefits that other studies have reported 
(DeLaune et al., 2013; DeLaune and Sij, 2012; Van Vliet et al., 2006 and De Koff et al., 
2011). It is important to note that the seasonally-based analysis, using a Mann-Whitney U 
test, did not account for the background differences observed during the calibration period, 
when evaluating treatment period effects. The analysis simply evaluated whether or not 
significant differences existed between the paired-fields during the respective monitoring 
periods and seasons. However, the Mann-Whitney U test result that aeration had no 
significant water quality effects during the non-winter season suggests that the significant 
treatment effects found using the ANCOVA analysis (i.e. event-based treatment effects) 
were driven by winter runoff event dynamics. Indeed, the aerated and non-aerated fields 
were significantly different in TP, TDP, TN, and TDN concentrations for winter-season 
data during the treatment period (Table 2.6). Event means for all nutrient concentrations 




all nutrient concentrations during winter runoff events. Reductions in TP and TDP loads 
were also significantly lower for winter runoff events. This suggests that aeration was more 
effective at reducing nutrient losses during the winter season where runoff events are 
predominately snowmelt-induced.   
 Similarly, Van Vliet et al. (2006) found that aeration prior to manure application 
reduced winter runoff volumes, TKN and TP loads in comparison to a non-aerated control. 
The reduction in winter P exports observed in this study is possibly due to increased 
sorption on the soil lining the slits that exist following aeration. This sorption may persist 
through the winter, and aid in retention during thaw events. This finding could have 
implications for field-scale water quality management decisions that are confronted by a 
changing climate, which could result in more frequent mid-winter thaw events (Rustad et 
al., 2011). 
 Annual Phosphorus Fluxes 
The use of only one lysimeter in each study field caused uncertainty and a lack of 
statistical power in the absolute value of subsurface hydrologic and P export measurements. 
Therefore, lysimeter data were used for observing general trends and the directionality of 
aeration effects on subsurface leaching. Annual subsurface leachate volumes for the years 
of 2017 and 2018 were considerably larger (130-500%) than annual surface runoff volumes 
(Table 2.7). This finding was unexpected in the poorly-drained, high runoff potential soils 
that dominated each study field, and suggests that the lysimeter measurements may 
represent the higher end of percolation rates present, due to the heterogeneity of 
preferential flow paths within the fields (i.e. lysimeters may be placed directly below 




significant pathway for hydrologic and nutrient exports in hay fields with high runoff 
potential. Furthermore, although not significant (P<0.1), annual leachate volumes were 
greater in the aerated field than the non-aerated field for both 2017 and 2018. Increased 
subsurface leachate volumes due to aeration logically follows the increase in soil porosity 




Table 2.7: Summary of annual hydrologic and P exports via surface runoff and subsurface leaching. Volume (as a depth) and P load values are 




Volume (mm) TP (mg/L) TDP (mg/L) TP (g/ha) TDP (g/ha) 
Runoff Leachate Runoff Leachate Runoff Leachate Runoff Leachate Runoff Leachate 
Non-aerated  
2017 242.1 724.1 0.59 0.17 0.52 0.12 688.56 1,096.5 537.97 775.2 
2018 146.3 333.5 0.48 0.16 0.43 0.14 701.57 439.8 648.38 416.3 
Aerated  
2017 182.1 1,109.1 0.48 0.22 0.39 0.2 381.16 1,909.4 219.17 1,744.3 







Annual leachate TP and TDP concentrations measured in both the aerated and non-
aerated fields were consistently lower than surface runoff concentrations for 2017 and 2018 
(Table 2.7). This is likely a result of the physical filtration of manure particulates and the 
sorption of dissolved P in runoff as it percolates through the soil profile, in addition to the 
uptake of soil P by crops. Indeed, both the aerated and non-aerated field appeared to have 
high crop P-use efficiencies during the years of 2017 and 2018, with annual forage P 
exports similar in magnitude to P applied as manure (Table 2.8). However, relatively high 
annual leachate P loads were observed in both fields, likely driven by large annual leachate 
volumes.   
 
Table 2.8: Annual phosphorus fluxes from the non-aerated and aerated fields for the years of 2016, 
2017, and 2018. Phosphorus inputs in the form of manure application and phosphorus exports as 





Non-aerated Field Aerated Field 
















The aerated field had greater leachate TP and TDP loads than the non-aerated field 
in 2017. Conversely, in 2018 the non-aerated field had greater TP and TDP load losses than 
the aerated field, although at a smaller magnitude. However, none of the observed 
differences in leachate TP or TDP event concentrations or loads between the non-aerated 
and aerated fields were significant (P>0.1). Similarly, Van Vliet et al. (2006) evaluated 
data from lysimeter samples and observed a large increase in dissolved P (PO4-P) due to 
aeration during the first year of treatment. However, overall they found no significant effect 
of aeration on the downward movement of dissolved P or N (NH4-N) (Van Vliet et al., 
2006). It appears that a potential drawback to the increase in preferential flow pathways 
and soil infiltration rates caused by soil aeration could be an increase in the leaching of 
nutrients beyond a crops root-zone. In fields with deep soils and no shallow restricting 
layers this may not be a significant problem for surface water and groundwater quality. 
However, this may have significant implications on water quality in artificially drained 
fields (i.e. tile drainage). Due to the lack of available data, more robust measurements on 
the effects of soil aeration on the subsurface hydrologic flows and nutrient export are 
needed. This need is intensified by the increased adoption of artificial draining throughout 
the Northeastern U.S. (VAAFM, 2017). 
 
Results from this study suggest that soil aeration has the potential to reduce nutrient 
and sediment exports from haylands with poorly-drained, high runoff potential soils in the 
Northeastern U.S. where winter freeze-thaw conditions exist. From 2014 to 2018, aeration 
prior to manure application reduced TSS, TP, TN, and TDN mean runoff-event 




difference in runoff-event nutrient loads. The greatest reductions in nutrient export 
occurred during large winter thaw events, often occurring months after aeration took place, 
where an increased sorption potential of disturbed soils likely persisted in the aerated field. 
Aeration resulted in reductions in TP, TDP, TN, and TDN winter runoff event 
concentrations, TP and TDP loads.  
Increases in surface and subsurface hydrologic flows threaten the potential benefits 
of sediment capture and nutrient sorption. Aeration increased runoff by 16.2% in 
comparison to the non-aerated field during discrete runoff events and caused no significant 
reductions in nutrient load export. Subsurface hydrologic flows were a major pathway for 
P transport in high runoff producing haylands. Aeration’s potential to increase subsurface 
hydrologic flows, and associated subsurface P losses, should continue to be quantified to 
understand the full effects of soil aeration on groundwater and surface water quality, 
especially in the context of artificial subsurface drained fields.  
Further investigation of the potential benefits and tradeoffs of aeration on field-
scale hydrologic and nutrient exports, particularly during snowmelt runoff events, in the 
Northeastern U.S. is warranted and could be important for future management decisions in 
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Many states across the U.S. require farmers to evaluate the risk of phosphorus (P) 
runoff farm fields and develop nutrient management plans using P site assessment tools, 
such as the Phosphorus Index (P-Index). The simplicity of the P-Index allows for users 
with various backgrounds (i.e. farmers, policy makers, and agricultural service providers) 
to utilize the tool, however this simplicity may limit the ability of the P-Index to reliably 
predict P losses across variable farm terrain, for instance where saturation-excess runoff 
generation dominates. The objective of this study was to identify potential P-Index 
improvements that could be made by representing topographic controls on P transport. 
Modeled outputs of P risk assessments and dissolved and particulate P losses from the 
Vermont P-Index (VT P-Index) and a modified version of the Soil and Water Assessment 
Tool (SWAT), were compared across topographic regions in a small agricultural watershed 
(360 ha) in Vermont. Neither particulate nor dissolved P loss predictions varied across 
topographic regions in the P-Index, limiting its ability to model water quality management 
practice effectiveness. P-Index nutrient management recommendations tended to err on the 
side of caution, giving higher P loss risk ratings than SWAT for 94% of the 120 unique 
scenario combinations simulated. Results from this study suggest that the VT P-Index 
could improve its ability to support farm nutrient management planning and other P-based 
management decisions by incorporating topographic controls on runoff production into its 





 Phosphorus Site Assessment Tools 
Agricultural runoff is one of the leading contributors of phosphorus (P) to 
freshwater systems in the Northeastern U.S., resulting in degraded water quality and 
eutrophication (Carpenter et al., 1998; EPA, 2016; Sharpley, 2000). Lake Champlain, 
located in the northeastern U.S. and is the sixth largest freshwater body in the country, 
suffers from excessive P loading from non-point sources and has a Total Maximum Daily 
Load (TMDL) for P (EPA, 2016). Approximately 38% of the total P (TP) load discharged 
into Lake Champlain annually is a result of agricultural production, which occupies 18% 
of the Lake Champlain Basin area (EPA, 2016; LCBP, 2018). In watersheds afflicted by 
non-point source P loading and eutrophication, decision support tools are needed to help 
identify critical source areas (CSAs), where P control management strategies will be most 
effective. Many P site assessment tools exist to determine the vulnerability of a particular 
agricultural field to the export of P in runoff and to evaluate the effectiveness of 
management decisions (Kleinman et al., 2017; Easton et al., 2017). 
The Phosphorus Index (P-Index) is one of the most widely adopted P site 
assessment tools, currently being used by 48 U.S. states to guide development of nutrient 
management plans (Kleinman et al., 2017; Sharpley et al., 2003; Sharpley et al., 2012). The 
P-Index is a simple risk assessment tool that uses empirical equations consisting of the 
driving source and transport factors affecting P loss from agricultural fields (Lemunyon 
and Gilbert, 1993; Sharpley et al., 2003). The simplicity of the P-Index makes it readily 
useable by watershed planners, agricultural service providers, and policy makers alike. 




calibration and validation. Furthermore, collecting enough field data to validate all the P-
Index scenarios that are of interest is unrealistic due to the high cost and difficult nature of 
quantifying field scale runoff and P loss. Therefore, a more cost effective and practical 
method being used for P-Index evaluation is the comparison of P-Index predictions to more 
complex process-based water quality models, that can predict P loss over a broad range of 
space, time, and management practices (Sharpley et al., 2012). A number of studies have 
successfully used the Soil and Water Assessment Tool (SWAT – Arnold et al., 1998), a 
process-based water quality model, for the evaluation of P Indices (Veith et al., 2005; 
Ketterings et al., 2017).  
In Vermont (VT), state law requires that every certified farm meet the USDA 
Natural Resource Conservation Service (NRCS) 590 nutrient management standard, 
requiring that each field be assessed using the VT P-Index. The VT P-Index was developed 
in the 1990’s when many states were first adopting simple indexing tools that accounted 
for the major source and transport factors controlling P loss from agricultural fields 
(Lemunyon and Gilbert, 1993). Since its initial release, the VT P-Index has undergone 
multiple revisions; the latest revision (version 6.1) occurred in 2016. The latest revision of 
the VT P-Index was driven by multiple factors, including the TMDL on Lake Champlain, 
evolving science and monitoring data from VT and nearby states, increased use of best 
management practices that was not being captured, and the need to capture more diverse 
types of agricultural production (i.e. vegetables) in the state. Version 6.1 of the VT P-Index 
includes particulate and dissolved forms of P, as well as surface and subsurface transport 
pathways, in its calculation of risk assessment rating (Table 3.1). The representation of P 




Group (HSG), P sources, and field management. The transport of P from a fields edge to a 
receiving water body is governed by the distance between the two systems (impacting the 
amount of soil particulates that reaches the stream via erosion) and, if present, the width of 
the vegetated buffer. However, the potential of a field to generate runoff and transport P is 
dependent on more complex processes especially in areas dominated by saturation-excess 
runoff, such as the Northeastern U.S. (Buchanan et al., 2018; Dunne and Black, 1970; 





Table 3.1: Summary of the Vermont Phosphorus Index (VT P-Index) approach to calculating risk of 
P loss. Basic equations for calculating surface and subsurface, particulate and dissolved, P losses 
using the main source and transport factors are presented. Other factors effecting PI score 
calculations, including management practice type and timing factors are not included in this table, 
but are discussed in the Vermont Phosphorus Index User Guide, 2017. All equation variables are 
defined below.* 
 
* E= annual soil loss (RUSLE ver. 1 or 2). TP= soil total phosphorus (soil test P, modified Morgans extract). SDR= 
sediment delivery ratio. SDRM= sediment delivery ratio for manure. MPLF= manure particulate loss fraction. DRP= 
dissolved reactive P (DRP= 0.1275 + 0.0104 *STP). PF6 = 0.2 (preferential flow path coefficient). RDR= runoff 
delivery ratio. DF= delivery factor, Distance: ft (field edge to stream). Buffer factor: (DF= 1.744*exp((-43 - 
Distance)/45) + 0.4). Distance factor: (DF= 1.047 * exp((-70 - Distance)/60) + 0.7). Base RO= base runoff volume, 
estimated using NRCS Curve Number model for the region. RO adjustment factor= for soils and crops other than base 
situation.  
Overall interpretation (PI Score = PIsurface particulate + PIsurface dissolved + PIsubsurface particulate and dissolved) 
P-loss risk PI score Management implication 
Low 0 - 29 N-based management is acceptable. 
Medium 30 - 59 
N-based management is acceptable, 
but some remedial action should be 
taken to lessen probability of P loss. 
High  60 - 99 P-based nutrient management 
should be followed. 
Very High 100 or higher No manure or fertilizer P is to be 
applied.  
Surface particulate P (PI score = (eroded soil P + manure P) × scaling factor) 
Sediment (eroded soil) P loss = E × TP × TP Availability × SDR 
Manure particulate P loss = manure rate (lbs P2O5/ac) × MPLF × manure factor × SDRM × 0.44 
Surface dissolved P (PI score = (soil P + manure P + fertilizer P) × scaling factor) 
Dissolved soil P loss = DRP × Base RO × RO adjustment factor × RDR 
Dissolved manure P loss = application rate (lbs P2O5/ac) × manure runoff factor × Al factor × manure factor × 
hydrologic factor × manure availability coefficient × 0.44 × RDR 
Dissolved fertilizer P loss = application rate (lbs P2O5/ac) × fertilizer runoff factor × Al factor × fertilizer factor × 
hydrologic factor × 0.44 × RDR 
Subsurface particulate and dissolved P (PI score= (eroded soil P + particulate manure P + soil P + manure P + 
fertilizer P) × scaling factor 
Subsurface particulate P loss = PF6 × (sediment P loss + manure particulate P loss) 





 Topographic Control of Phosphorus Transport 
Topography plays a critical role in the generation of runoff, and subsequent 
transport of P, from agricultural systems via saturation-excess runoff (Beven and Kirkby, 
1979; Dunne and Black, 1970). Saturation-excess runoff occurs when the amount of water 
flowing into an area (i.e. interflow or elevated groundwater table) from the upslope 
contributing area exceeds the capacity of the soil to store or transmit the water through the 
soil, resulting in areas of soil saturation that vary spatially and temporally called Variable 
Source Areas (VSAs) (Dunne and Black, 1970; Dunne and Leopold, 1978; Easton et al., 
2007; Needelman et al., 2004; Srinivasan et al., 2002). Saturation-excess runoff occurs in 
humid, well-vegetated, and hilly regions, such as Vermont (Dunne and Black, 1970; Walter 
et al., 2003). Indeed, some of the seminal work on VSA hydrology was conducted in 
Vermont (Dunne and Black, 1970). Areas within a watershed prone to saturation tend to 
have large upslope contributing areas and are at the intersection of converging slopes.  
Other physical characteristics of frequently saturated areas includes; shallow soils with 
restricting layers, high groundwater tables, or low soil hydraulic conductivity. While 
topography is a driving force governing the production of runoff and P transport in many 
regions (making topography an essential factor in accurate runoff prediction in areas with 
VSA hydrology), most P Indices only use slope to determine soil erosion via the Revised 
Universal Soil Loss Equation (RUSLE) and do not factor topography into runoff potential 
estimations (Gburek et al., 2002; Marjerison et al., 2011). Marjerison et al. (2011) found 




ability to predict the location of saturated areas in fields and increased the temporal and 
spatial resolution of P loss predictions. 
 Research Objectives 
The objective of this study was to identify potential improvements that could be 
made to the VT P-Index through representation of topographic features within the model’s 
estimation of runoff generation and P transport. P-Index improvements were identified by 
comparing the P loss and nutrient management recommendations suggested by the P-Index 
and a widely-used process-based water quality model, SWAT, accounting for each models’ 
unique strengths and weaknesses. Scenarios with varying P management strategies were 
developed and modeled for corn silage production fields in a small watershed (360 ha) 
located in west-central Vermont, with poorly-drained soils and rolling topography, using 
both the VT P-Index and SWAT, modified to represent VSA hydrology (Easton et al., 
2008). Modeled outputs from both the VT P-Index and SWAT were aggregated based on 
topographic index (TI) class (Beven and Kirkby, 1979) and compared for the directional 
agreement of relative P loss predictions and spatial patterns. The predicted effectiveness of 
common best management practices used on corn fields in VT were compared across TI 
classes. 
 
 Stoney Brook Watershed Description 
Stoney Brook is a second-order stream located in Addison County, VT, which 
drains directly into Lake Champlain. The Stoney Brook watershed has an area of 3.6 km2 




Basin with rolling topography and elevations ranging from 28.5 to 122 m asl (Figure 3.1.b). 
Soils in the watershed are dominated by lacustrine deposits with high clay content. 
Approximately 95% of the Stoney Brook watershed soils are high runoff potential (HSG-
D), moderately well-drained Vergennes (Very-fine, mixed, active, mesic Glossaquic 
Hapludalfs) clay. Land use in the watershed is dominated by dairy cropping systems with 
41% of the watershed area in hay production and 15% in corn silage (Zea mays L.) 
production. The majority of the remaining area is forested (32%) with small areas of 
orchard production (6%), farmstead (4%), and forested wetlands (2%) (Figure 3.1.a). The 
climate in the area is humid continental with a mean annual precipitation of 916 mm yr-1 
and a mean annual temperature of approximately 7.1˚C. The Stoney Brook watershed 














 Management Scenarios 
Scenarios of varying soil P content, manure application methods, rates, and timing, 
tillage, and crop management strategies were developed based on the dominant practices 
used on VT corn silage fields and common conservation practices (Table 3.2). A total of 
12 scenarios were simulated for a 10-year period (2006 - 2015) for all corn silage fields in 
the Stoney Brook watershed using both the VT P-Index and SWAT. Two scenarios (0A 
and 0B) were run to simulate background P losses without any manure application at low 
(Scenario 0A) and high (Scenario 0B) soil P levels, with tillage using a disk chisel (mulch 
tiller) three days prior to planting in the Spring. The low and high soil P levels correspond 
to soil P saturations of 11% and 23%, respectively. These soil levels were input into SWAT 
as 50 and 100 ppm, which equates to approximately ½ Mehlich-3 soil test P (Vadas and 
White, 2010). The high soil P level was run for Scenarios 0B and 7, while the low soil P 
level was run for all the other scenarios (0A, 1, 2, 3, 4, 5, 6, 8, 9, and 10). The recommended 
range of manure P application rates for corn fields in VT is between 120 and 0 lbs P2O5 
acre-1, for fields with low to very high soil test P, respectively (Jokela et al., 2004). Two 
rates of liquid dairy manure application were simulated based on common low and high 
rates of manure P applied on VT corn fields (low= 43 lbs P2O5 acre-1, and high= 86 lbs 
P2O5 acre-1). The timing of manure application was simulated during either the spring or 
fall with three application methods: surface application, incorporation within 3 days of 
surface application using a disk chisel (mulch tiller), and direct injection using a shallow 
disc injector. No-till was simulated for Scenario 8 and incorporation of a cereal rye cover 
crop during winter months was simulated for Scenario 10. The rates and timing of manure 




on management practices being used in VT. The baseline “business as usual” scenario 
(Scenario 2), to which all other scenarios could be compared, was developed based on the 
common management practices used on average soil test P corn fields in VT. 
 
Table 3.2: Management practice scenarios modeled by SWAT-VSA and the VT P-Index. Scenario 0A 
and Scenario 0B are the ‘null scenarios’ that represent background losses with low and high soil P 
contents (100 and 200 ppm, Mehlich-3). Scenario 2 (high rate, spring surface application) represents 
the ‘standard worst-case scenario’ to which most scenarios can be compared. 
 
 
 SWAT Description and Model Initialization 
SWAT is a semi-distributed, process-based watershed water quality model and is 
one of the most widely used models across the world for agricultural management practice 
evaluation (Arnold et al., 2012; Neitsch et al., 2011). SWAT-VSA is a modified version of 
SWAT that incorporates TI classes into SWAT initialization to improve the representation 
of topographically driven hydrological processes at the sub-field level (Easton et al., 





Rate N P2O5 
  (gal/acre) (lbs/acre) (lbs/acre) 
     Background losses, no application (0A) 0 0 0 
     Background losses, no application, high soil P (0B) 0 0 0 
     Low rate, spring surface application (1) 5000 132 43 
     High rate, spring surface application (2) 10000 264 86 
     High rate, spring incorporation in 3 days (3) 10000 264 86 
     Low rate, spring injection (4) 5000 132 43 
     High rate, spring injection (5) 10000 264 86 
     High rate, fall injection (6) 10000 264 86 
     High rate, spring surface application, high soil P (7) 10000 264 86 
     High rate, spring surface application, no tillage (8) 10000 264 86 
     High rate, fall surface application (9) 10000 264 86 




flow to accumulate in a given location in the landscape, representing topographically 





Where; λ is the topographic index, α is the upslope contributing area per unit length 
of contour, and β is the local slope gradient. The range of TI values for a watershed are 
categorized into ten equal-area TI classes ranging from 1 (10% of lowest TI values, areas 
least prone to saturation) to 10 (10% of highest TI values, areas most frequently saturated). 
SWAT-VSA incorporates a TI class layer into the original soil data layer during model 
initialization, creating a new soil layer consisting of the spatial distribution of soil 
parameters (i.e. bulk density, soil texture, hydraulic conductivity, and curve number) based 
on topographic index properties. Unique combinations of land use and the newly created 
soil/TI class layer are used to delineate the model’s hydrologic response units (HRUs), the 
smallest spatial unit of the model within which physical properties are homogenized. 
Hydrologic and nutrient transport outputs from subfield level HRUs allow for the 
aggregation to field-scale P loss predictions (Veith et al., 2008).  
SWAT-VSA was initialized for the Stoney Brook watershed using a two-meter 
digital elevation model (DEM) resampled from a 0.7 m DEM of the Rutland County area 
(VT Lidar Hydro-flattened DEM). Crop field land use and management data were provided 
by agricultural service providers working with the farms in the watershed. Non-agricultural 
land use areas that were not provided, were classified from ortho imagery data and through 
comparison to un-refined land use data from the National Land Cover Database (NCLD) 




Long: -73.2106) was obtained from the National Centers for Environmental Information 
(NCEI) for the time period of January 2000 to October 2018 and used as daily precipitation 
input data. All other daily climatic input data (i.e. daily max/min air temperature, solar 
radiation, wind speed, and relative humidity) were generated by SWAT using long-term 
climate statistics for the region. An un-calibrated model was used in this study due to the 
lack of stream monitoring data for parameter calibration in the Stoney Brook watershed. 
Expert supervision of model parameter values was conducted based on knowledge of the 
physical soil properties in the watershed and previous calibration of models of similar 
watersheds within the region. Specifically, Ketterings et al. (2017) successfully compared 
the directionality of relative uncalibrated SWAT-VSA model outputs to NY P-Index 
outputs in order to develop a new NY P-Index structure.  
Revised SWAT P routines developed by Collick et al. (2016), that include surface 
pools of manure P and the dynamic transfer among soil P pools, were used to better 
simulate field-scale soluble P dynamics. These revised P routines have been shown to 
improve the ability of SWAT-VSA to accurately simulate the effects of various manure 
application techniques, rates of application, forms of P application, and timing relative to 
precipitation events (Collick et al., 2016). P losses simulated by SWAT were in the form 
of particulate P, soluble P, and organic P. Particulate P losses are represented by the mineral 
P sorbed to sediment and manure exports. Both soil and manure P pools also contribute to 
soluble P losses. Total P losses were calculated as the sum of particulate and soluble P 




 P-Index Initialization 
The VT P-Index (Version 6.1) was used to simulate P loss from corn silage fields 
in the Stoney Brook watershed across TI classes under the 12 different scenarios. P-Index 
P loss prediction outputs are field-scale, so each of the 10 TI classes was represented by an 
individual field for each scenario, resulting in 120 P-Index runs. P-Index inputs include; 
the location (by VT county), elevation, soil test P, reactive soil aluminum (Al), manure 
application rate, erosion rate (RUSLE2), soil type, and management methods and timing. 
Due to the resolution of elevation input ranges in the P-Index and the homogeneity of soil 
distribution in the Stoney Brook watershed, the only P-Index input value that varied with 
topographic location within the Stoney Brook watershed was the RULSE2 output value for 
annual soil loss.  
The VT P-Index produces a risk assessment value (P-Index score) for each field but 
does not produce absolute P loss predictions that are visible to the user. However, P loss 
predictions are produced in the underlying calculations, and include both particulate and 
dissolved forms of P (Table 3.1). Particulate P is represented by both soil and manure 
particulates. Dissolved P loss estimations also include soil and manure sources. The corn 
fields within the Stoney Brook watershed were not artificially drained (i.e. tile drainage), 
therefore both particulate and dissolved P loss estimations did not include subsurface 
losses.  Both the P-Index risk assessment values and the underlying P loss estimations were 
used for this study. 
The high and low soil test P (STP) values used in the SWAT-VSA initialization (50 
and 100 ppm) were converted from ½ Mehlich-3 STP to Morgan STP (37.8 and 106.9 mg 




Morgan⁡STP = 1.62 + 0.56 ∗ 𝑀3𝑃 − 0.0018 ∗ 𝑀3𝐶𝑎 − 12.97 ∗ 𝑝𝐻 + 0.058 ∗ 𝑀3𝐴𝑙
− 0.000027 ∗ 𝑀3𝐴𝑙2 + 1.28 ∗ 𝑝𝐻2 + 0.000044 ∗ 𝑀3𝑃 ∗ 𝑀3𝐶𝑎
− 0.00092 ∗ 𝑀3𝑃 ∗ 𝑀3𝐴𝑙 + 0.00000038 ∗ 𝑀3𝑃 ∗𝑀3𝐴𝑙2 
 
Where; Ca= 3500 ppm, Al= 25 ppm, pH= 7 and P= 100 and 200 ppm. Equation 
input values for Ca, Al, and pH were determined based on average values from Stoney 
Brook watershed soil samples collected by agricultural service providers as part of regular 
nutrient management planning activities. Morgan STP values were then converted to 
Modified Morgan P values (23 and 64 mg kg-1, for the low and high STP scenarios, 
respectively) using the Soil Test Conversion Tool for NY, version 7 (Ketterings et al., 
2003).  
Average corn silage Modified Universal Soil Loss Equation (MUSLE) values (tons 
acre-1) predicted by SWAT-VSA were used as P-Index erosion value inputs, for each TI 
class for each scenario, in order to maintain consistency between the two models. P-Index 
erosion inputs are conventionally RUSLE2 estimates. MUSLE differs from RUSLE2 in 
that the MUSLE accounts for runoff volumes and peak flows, while the RUSLE2 depends 
only on rainfall as the source of erosive energy (Williams, 1995; Foster et al., 2003). 
Therefore, the SWAT-VSA estimations of erosion, used as P-Index inputs in this study, 
are likely slightly larger in magnitude than the erosion estimates that would be generated 
by RUSLE2 for the modeled fields.   
 SWAT-VSA and P-Index Comparisons 
In order to compare P-Index and SWAT-VSA P loss predictions across TI class for 
each scenario, both models were initialized to produce outputs consisting of P loss risk 




categories are defined by the following P-Index score ranges; low (0-29), medium (30-59), 
high (60-100), and very high (100 or higher). When a risk assessment of ‘low’ or ‘medium’ 
is given to a field, N based management is acceptable (Table 3.1). When a field receives a 
risk assessment of ‘high’, P based management is required. An assessment of ‘very high’ 
requires that no additional P either as manure or fertilizer can be applied. SWAT-VSA 
edge-of-field TP loss results were binned into the four risk assessment categories (“low”, 
“medium”, “high”, and “very high”) for comparison to P-Index risk assessments, similar 
to methods used by Veith et al. (2005). P-Index and SWAT outputs were rescaled to create 
SWAT-VSA risk assessment category ranges that correlated to corresponding nutrient 
management recommendations defined by the P-Index. P-Index score ranges were first 
weighted based on the maximum P-Index score produced during all scenario runs. This 







Where; % MPI is the percent of maximum P-Index score, Category PI is the 
maximum P-Index score in the category range (i.e. low= 29, medium=59, high=100, very 
high>100), and MPI is the maximum P-Index score produced during all scenario runs 
(MPI=235). The percent of max P-Index score ranges for each P-Index risk assessment 
category where; low (0 - 12.3%), medium (12.3 - 25.1%), high (25.1 - 42.1%), and very 
high (>42.1%). These percent of max P-Index score ranges accounted for the weight of 




percent of max P-Index score range for each category was then used to create SWAT-VSA 
TP loss ranges, based on the max TP loss value across all scenario runs produced by 
SWAT-VSA (186.15 lbs acre-1). The resulting SWAT-VSA risk assessment categories 
were; low (0 – 22.9 lbs acre-1), medium (23 – 46.7 lbs acre-1), high (46.8 – 78.4 lbs acre-1), 
and very high (>78.4 lbs acre-1).   
To compare export directly from the edge-of-field predictions, the distance-to-
stream factor in the P-Index was set to zero for each scenario. To retrieve corn silage edge-
of-field P loss predictions from SWAT-VSA, HRU outputs were weighted by area and then 
averaged across corn field TI classes for each scenario. The P-Index predicts annual 
average P losses using long-term average climate conditions for several regional groupings 
of counties within VT. Therefore, annual SWAT predictions for the 10-year simulation 
period (2006-2015) were averaged. In order to evaluate the effect of topography on P loss, 
percent differences among TI class P loss predictions, relative to TI class 5 (median), were 
calculated for each scenario. To better evaluate the effectiveness of the different 
management practices modeled, percent differences in TI class P loss predictions for each 
scenario were calculated relative to the corresponding TI class prediction for the baseline 
“business as usual” scenario (Scenario 2: high rate, spring surface application). P loss risk 
ratings and relative annual edge-of-field particulate and dissolved P losses, simulated by 






 Phosphorus Loss Predictions Across TI Classes 
First, simulated P losses across topographic regions (i.e. TI classes) predicted by 
the P-Index and SWAT-VSA were compared in order to indicate the relative influence of 
topography on P transport in each model. Average annual TI-based relative particulate P 
loss predictions from SWAT-VSA and P-Index, for all 12 of the management scenarios, 
were directionally consistent across TI classes (Table 3.3). Both models predicted greater 
relative particulate P losses for higher TI classes, and lower particulate P losses for lower 
TI classes. However, relative particulate P and TP loss predictions across TI class varied 
much less amongst the P-Index then amongst SWAT-VSA simulations. The average range 
of relative TP loss predictions, for all scenarios, across TI classes were 705% and 18% for 
SWAT-VSA and the P-Index, respectively. Relative SWAT-VSA TP loss predictions for 
the baseline scenario (high rate, spring surface application) varied by 816% across TI 
classes. While relative P-Index TP loss predictions only varied by 11% across TI classes 
for the same scenario. The relatively small amount of variation in P loss across topographic 
regions simulated by the P-Index suggests that the effect of topography on P loss may not 
be well-represented. This could be due to the lack of a VSA-based transport factor in the 
P-Index, contributing to P-Index risk assessments that are disproportionally influenced by 
source factors (Marjerison et al., 2011). Indeed, Buchanan et al. (2013) found that a P-
Index that included representation of runoff travel times from VSAs allowed for more 




Table 3.3: SWAT-VSA and VT P-Index annual P loss predictions for TI classes 1, 5, and 10 (relative 



















1 100 15 33 15 87 15 
5 100 100 100 100 100 100 
10 100 558 188 673 117 639 
0B 
Background losses, 
no application, high 
soil P 
1 100 15 33 15 90 15 
5 100 100 100 100 100 100 
10 100 556 188 675 113 632 
1 
Low rate, spring 
surface application 
1 100 10 56 15 93 12 
5 100 100 100 100 100 100 
10 100 843 158 753 109 815 
2 
High rate, spring 
surface application 
1 100 11 67 15 95 12 
5 100 100 100 100 100 100 
10 100 846 144 775 106 828 
3 
High rate, spring 
incorporation in 3 
days 
1 100 12 61 15 94 13 
5 100 100 100 100 100 100 
10 100 803 150 748 108 788 
4 
Low rate, spring 
injection 
1 100 11 39 16 89 13 
5 100 100 100 100 100 100 
10 100 747 196 761 117 753 
5 
High rate, spring 
injection 
1 100 11 39 16 89 13 
5 100 100 100 100 100 100 
10 100 761 196 793 117 771 
6 
High rate, fall 
injection 
1 100 13 40 17 89 14 
5 100 100 100 100 100 100 
10 100 579 196 727 117 627 
7 
High rate, spring 
surface application, 
high soil P 
1 100 11 58 15 94 12 
5 100 100 100 100 100 100 
10 100 825 156 765 107 810 
8 
High rate, spring 
surface application, 
no tillage 
1 100 11 75 16 97 12 
5 100 100 100 100 100 100 
10 100 813 137 782 105 808 
9 
High rate, fall 
surface application 
1 100 15 70 17 96 15 
5 100 100 100 100 100 100 
10 100 530 139 611 105 550 
10 
High rate, fall 
surface application, 
cover crop 
1 100 14 73 12 96 14 
5 100 100 100 100 100 100 




SWAT-VSA-predicted relative dissolved P losses were directionally consistent 
with particulate P losses (P loss increasing with TI class), except with a greater range. 
Topography appeared to have a greater influence on dissolved P losses then particulate P 
losses predicted by SWAT-VSA. This could be due to the impact of saturated soils on the 
solubility of P and the dynamic transfer of P simulated by the new P routines (Collick et 
al., 2016). In contrast, P-Index dissolved P loss predictions were homogeneous across TI 
class. The only factor driving variable P loss across TI classes in the P-Index is the 
RUSLE2 value, which only affects particulate P losses, while SWAT-VSA represents 
saturation frequency and runoff potential associated with each TI class.  
While it has been observed that particulate P constitutes the majority (60-90%) of 
P exported from agricultural fields, dissolved inorganic P is bio-available and can have 
more direct acute impacts on water quality (Sharpley et al., 1992; Sharpley et al., 2000). 
Accurate representation of dissolved P losses across topographic features could be 
important for predicting efficient placement of P control management practices. P losses 
from areas with little risk of erosion (i.e. vegetated systems with little soil disturbance) 
such as pasture, haylands, and no-till and cover cropped systems may still represent a 
significant source of dissolved P (Jarvie et al., 2017; Baker et al., 2007; Joosse and Baker, 
2011; Sharpley et al., 1992). High losses of dissolved P as a result of increased labile P 
pools at the soil surface has been attributed to no-till cropping systems combined with 
broadcast manure application, and P runoff on frozen soils during winter months (Jarvie et 
al., 2017; Smith et al., 2015; Stow et al., 2015). Jarvie et al. (2017) found that observed 
increases in soluble P loading into the Western Lake Erie Basin was likely the result of 




aimed at reducing particulate losses) occurring on areas with high hydrological 
connectivity (due to preferential flowpaths and tile drainage). Thus, the representation of 
dissolved P losses across topographic features, as well as with the consideration of 
engineered drainage dynamics, is necessary for reliably evaluating the impacts of 
management practices aimed at reducing both dissolved and particulate P losses. The 
representation of the topographic effects on erosion alone, as simulated by the P-Index, 
does not appear to be sufficient for predicting subfield P transport and the impacts of 
management on P losses, across TI classes. 
 Management Effectiveness Across TI Classes 
Average annual P losses simulated for the TI classes within each management 
scenario were compared to the respective TI class within the baseline scenario, in order to 
more clearly indicate the influence of management on P-Index and SWAT-VSA P loss 
predictions across topographic regions. The two models were directionally consistent 
across all TI classes for six (Scenarios: 0A, 1, 4, 5, 6, and 7) of the 11 scenarios (i.e., not 
including Scenario 2) (Table 3.4). Both SWAT-VSA and the P-Index simulated lower 
relative dissolved and particulate P losses from lower manure application rates during 
spring surface application (Scenario 1), with SWAT-VSA predicting a greater decrease in 
TP compared to the baseline. Both SWAT-VSA and the P-Index also predicted lower 
dissolved and particulate P losses, compared to the baseline, for spring injection (Scenarios 
4 and 5) and fall injection of manure (Scenario 6). Both models predicted greater relative 
dissolved and particulate P losses for high rate, spring surface application with high soil P 




of the effect of management on P losses differed for some of the TI classes between the 
two models. 
Table 3.4: SWAT-VSA and VT P-Index annual P loss predictions for TI classes 1, 5, and 10 (relative 
to Scenario 2) for each management scenario. Relative P loss for TIx = (P loss prediction TIx / 
scenario 2 P loss prediction TIx)*100. Comparisons are made across TI classes within scenarios, (e.g. 





Dissolved P loss Particulate P loss Total P loss 
P-Index SWAT-VSA P-Index SWAT-VSA P-Index SWAT-VSA 





1 35 7 24 35 34 16 
5 35 5 49 34 37 12 





high soil P 
1 87 13 43 50 83 24 
5 87 9 87 48 87 19 





1 67 47 62 71 66 54 
5 67 49 74 69 68 54 





1 100 100 100 100 100 100 
5 100 100 100 100 100 100 





in 3 days 
1 82 99 81 103 82 101 
5 82 90 90 103 83 93 





1 35 23 26 52 34 32 
5 35 21 45 50 36 28 





1 36 51 26 65 35 56 
5 36 48 45 62 37 51 
10 36 43 62 64 41 48 
6 
High rate, fall 
injection 
1 36 57 28 75 35 63 
5 36 45 46 66 37 50 





high soil P 
1 152 114 119 110 149 113 
5 152 110 138 110 150 110 






1 113 279 113 163 113 243 
5 113 266 101 152 112 238 
10 113 255 96 153 110 232 
9 
High rate, fall 
surface 
application 
1 114 200 116 174 114 192 
5 114 145 111 147 113 146 
10 114 91 108 116 112 97 
10 




1 103 195 112 45 104 148 
5 103 143 103 57 103 122 




SWAT-VSA predicted that incorporation of manure within three days of spring-
time application (Scenario 3) increased TP losses on TI class 1, but decreased TP losses on 
TI classes 2-10. In areas where the soil is not frequently saturated (i.e. TI class 1), dissolved 
P losses are not as large as in frequently saturated areas. So, the increase in TP on TI class 
1 was likely due to the increase in particulate P losses, caused by soil disturbance from 
incorporation, outweighing the decrease in dissolved P losses. Indeed, particulate P 
increased in every TI classes except 10 and dissolved P decreased in TI classes 2-10, which 
resulted in an overall decrease in TP losses. This highlights the importance of dissolved P 
dynamics across terrain on overall P loss risk assessments. Meanwhile, the P-Index did not 
predict any variation in dissolved P predictions across TI class. As discussed in the prior 
section, dissolved P losses are an important source of P in some areas and for some 
management systems.  
Surface application of manure in the fall (Scenario 9) resulted in increased 
particulate P losses across all TI classes in comparison to spring applied manure for both 
models, as supported by prior studies (Phillips et al., 1981; Liu et al., 2017; Vadas et al., 
2017). The P-Index also predicted an increase in dissolved P losses for all TI classes. 
However, SWAT-VSA predicted an increase in dissolved P losses for TI classes 1-8 but 
predicted a slight decrease for TI classes 9 and 10, causing decreases in TP for the same TI 
classes. Again, this shows the importance of dissolved P losses on TP losses, and 
subsequent TP risk assessments. This also suggests that SWAT-VSA risk assessments may 
allow for more flexibility in manure management strategies that can be used by farmers at 
the subfield scale (i.e. precision agriculture) then P-Index assessments by accounting for 




the NY P-Index, Marjerison et al. (2011) concluded that the incorporation of a VSA-based 
transport factor allowed more flexibility to farmers in their management decisions at 
subfield scales.  
Relative to the baseline scenario, SWAT-VSA TP loss predictions generally 
decreased with the increase in TI class (Table 3.4). This trend occurred for both dissolved 
and particulate P losses for Scenarios; 0A, 0B, three, four, five, six, seven, eight, and nine. 
It appears that SWAT-VSA predicted that management practices aimed at reducing P loss 
from agricultural fields are most effective when applied to areas that are more prone to soil 
saturation and runoff production. This intuitive finding has been supported by numerous 
studies that have found that best management practices are most effective at reducing P 
losses when applied to CSAs that occur on areas of land at the intersection of high runoff 
potential and a high source of P (Carpenter et al., 1998; Diebel et al., 2008; Endreny and 
Wood, 2003; Wagena and Easton, 2018). In contrast, the P-Index predicts that most of the 
management scenarios modeled (Scenarios: 0A, 0B, 1, 3, 4, 5, 6, & 7) are more effective 
at reducing TP losses on lower TI classes. With soil P values remaining consistent across 
terrain classes in the P-Index, this finding contradicts the wealth of research supporting 
improved efficiency of conservation efforts on CSAs. 
 Risk Assessment Category Comparisons 
While P loss dynamics simulated by the P-Index are important for understanding 
how the model represents P transport, P loss risk assessment categories impact the field-
scale nutrient management plans that are actually adopted. P-Index and SWAT-VSA P loss 




in order to identify the influence of the models’ underlying P loss transport calculations on 
nutrient management recommendations.  
For the 120-different scenario-TI class combinations, SWAT-VSA and the P-Index 
only assigned the same risk category to seven combinations (5.83%) (Scenario-TI class: 2-
10, 5-9, 7-10, 8-3, 8-8:10). For the remaining 113 Scenario-TI class combinations, the P-
Index assigned a greater P loss risk category than SWAT-VSA (Table 3.5). There appears 
to be a lack of variation in P-Index P loss risk assessments across topographic regions 
compared to SWAT-VSA assessments, suggesting a lack of transport factor influence in 
the P-Index. Indeed, past studies evaluating the performance of the NY P-Index have 
suggested that source components dominate the transport components in P loss risk 
assessments, and that better representation of high transport risk is needed (Ketterings et 
al., 2017; Marjerison et al., 2011). The ability of SWAT-VSA to consider sub-field 
flowpaths and nutrient transport may be allowing it to more realistically represent sub-field 
P losses across topographic regions. Marjerison et al. (2011) found that including a VSA-
based transport factor into the NY P-Index improved sub-field predictions of dissolved P 
loss, subsequently improving field-scale P loss risk assessments. In this study, the baseline 
scenario simulations differed in the P loss risk categories assigned by SWAT-VSA and the 
P-Index for nine out of ten TI classes. The P-Index assigned each TI class a ranking of 
“very high” (i.e. no further P should be applied to field), while SWAT-VSA only assigned 




Table 3.5: P loss risk assessment categories produced by the VT P-Index and SWAT-VSA for each TI 
class within each of the 12 corn field management scenarios.   
Scenario Model 
TI Class 
1 2 3 4 5 6 7 8 9 10 
0A 
P-Index medium high 
SWAT-VSA low 
0B 
P-Index v. high 
SWAT-VSA low 
1 
P-Index high v. high 
SWAT-VSA low medium 
2 
P-Index v. high 
SWAT-VSA low medium high v. high 
3 
P-Index v. high 
SWAT-VSA low 
4 
P-Index medium high 
SWAT-VSA low 
5 
P-Index medium high 
SWAT-VSA low medium 
6 
P-Index medium high 
SWAT-VSA low medium 
7 
P-Index v. high 
SWAT-VSA low medium high v. high 
8 
P-Index v. high 
SWAT-VSA low medium high v. high 
9 
P-Index v. high 
SWAT-VSA low medium high 
10 
P-Index v. high 




Figure 3.2: Phosphorus loss risk assessment rankings for corn fields in the Stoney Brook watershed for Scenario 2 (high manure application rate, 
spring surface application) using (a) SWAT-VSA and (b) the VT P-Index. All other map areas that do not have an assigned risk assessment rank 








P-Index nutrient management recommendations tended to err on the side of caution, 
with field-scale P loss risk assessments usually corresponding to the highest sub-field risk 
assessment simulated by SWAT-VSA. Conservative P-Index risk assessments may be 
good for field-scale nutrient management recommendations that aim to mitigate the 
negative impacts of agriculture on water quality, but they could lead to management 
decisions that are not simultaneously maximizing agronomic outcomes. Additionally, more 
refined sub-field P loss risk assessments, similar to the SWAT-VSA simulations, could be 
important in regions where precision agriculture, that allows for subfield nutrient 
management flexibility, is becoming more prevalent. 
 
In general, both the VT P-Index and SWAT-VSA reliably predicted the 
directionality of the effects of P management strategies on relative annual dissolved and 
particulate P losses at the field-scale. However, results from this study show that the P-
Index does not well represent the full effect that topography has on particulate P loss. We 
found that the average range of relative TP loss predictions, for all management scenarios, 
across TI classes for the P-Index were 705% and 18% for SWAT-VSA and the P-Index, 
respectively. Additionally, topography has no effect on dissolved P losses within the P-
Index, which appeared to impact the ability of the P-Index to evaluate management 
decision effectiveness. Indeed, the P-Index did not simulate an increase in management 
practice effectiveness when implemented on CSAs that are prone to runoff generation; a 
phenomenon that has been observed by many past studies (Carpenter et al., 1998; Diebel 




In comparison to SWAT-VSA, the P-Index gave higher P loss risk ratings to 94% 
of the 120 TI class-scenario combinations simulated. The relatively high-risk assessments 
produced by the P-Index appear to be due to the lack of VSA-based transport factors in the 
P-Index and the disproportionately large influence of source factors on P loss predictions. 
While it is important to be conservative in developing assumptions and conducting risk 
assessments regarding nutrient losses (i.e. in order to avoid discouraging or limiting 
management activities that would otherwise reduce nutrient losses), improving the 
accuracy of models that highlight critical sources of nutrients can help in identifying and 
prioritizing locations where management remedies are most needed. We suggest that the 
VT P-Index could improve its ability to support farm nutrient management planning and 
other P-based management decisions by incorporating topographic processes and VSA 
hydrology into its estimation of P transport. In addition to the distance to stream factor 
currently used in the VT P-Index, we suggest that an estimated soil depth parameter and a 
field-weighted TI estimation could help represent the potential for runoff generation across 
topographic regions, however further investigation is needed. Other potential methods for 
incorporating topographically driven runoff processes into the P-Index exist, some of 
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Runoff, subsurface flows, and the associated nutrients and sediment transported 
from farm fields is contributing to water quality degradation in watersheds across the world 
(Daniel et al., 1998; Reeves, 1997; Withers et al., 2014). In the Northeastern U.S., where 
winter conditions result in soil freeze-thaw cycles and snow-melt induced runoff events, 
unique field-scale hydrologic, nutrient, and sediment dynamics exist (Liu et al., 2014; 
Harmel et al., 2018; Hansen et al., 2000; Tiessen et al., 2010). Increasing investments in 
water quality mitigation efforts, in addition to state mandated agricultural nutrient 
management regulations in the Northeast, necessitate the rigorous quantification and 
evaluation of agricultural best management practices (BMPs) and nutrient management 
decision support tools (i.e. P site assessment tools) (Sekellick et al., 2019; VAAFM, 2019; 
NRCS, 2014). This thesis aims to (1) improve the current understanding on the effects of 
commonly used BMPs on field-scale water quality and hydrology in the Northeastern U.S. 
and (2) identify places for improvement in commonly used P site assessment tools used for 
the development of nutrient management plans, so that we can better design 
agroecosystems that do not degrade water quality.  
 
Through the research reported in this thesis, we found that soil aeration prior to 
manure application on haylands is most effective at reducing nutrient exports during winter 
runoff events. However, aeration applied on poorly drained, high runoff producing soils 
increased field-scale runoff volumes. Aeration also has the potential to increase subsurface 




management decisions being made in the face of climate change, which is predicted to 
result in more frequent mid-winter thaw events (Rustad et al., 2011). These findings also 
have implications on implementing BMPs that promote soil infiltration (i.e. aeration) on 
artificially drained fields, where the intended consequences associated with increased 
infiltration are exacerbated.  
Additionally, we found that the state of Vermont’s version of most commonly used 
P site assessment tool, the VT P-Index, does not amply represent topographic controls on 
particulate P transport. Furthermore, topography had no influence on dissolved P transport 
in the VT P-Index, limiting its ability to model water quality management practice 
effectiveness. The P-Index gave more restrictive nutrient management recommendations 
than a version of the Soil and Water Assessment Tool (SWAT-VSA), a process-based 
water quality model. Conservative field-scale P-Index nutrient management 
recommendations limit subfield nutrient management flexibility, which could be important 
in regions where precision agriculture is becoming more prevalent. 
 
The potential increases in subsurface hydrologic flows and P transport reported in 
this thesis warrant further investigation of the effects of infiltration promoting BMPs on 
subsurface exports, especially in fields with artificial drainage. The subsurface dynamics 
of nutrient transport in response to BMP implementation on drained fields is not well 
documented in the literature. Further research on this topic could help reveal potential 
trade-offs of BMPs implementation. This could be especially useful in regions where soil 




The lack of topographic controls on both particulate and dissolved P transport 
represented in the VT P-Index raises questions about how to better represent runoff 
generation and P transport across variable farm terrain. We hypothesize that an additional 
estimated soil depth parameter could improve the ability of the VT P-Index to simulate P 
transport across topographic regions. Additionally, a field-weighted topographic index (TI) 
estimation could be a relatively simple way to incorporate topographic controls on P 
transport into the P-Index. Further investigation on the practicality and performance of 
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Appendix A: Chapter 2 Sampling Constraints  
Year-round monitoring of runoff was constrained by impediments associated with 
freezing winter conditions. Ice and snow formation in the flumes could cause inaccurate 
flow measurements and trigger false sampling of the autosampler. Snow-melt runoff events 
resulting from high day-time temperatures and rainfall were often followed by freezing 
conditions that would quickly result in ice formation in the flume. To avoid false sampling, 
autosampler programs were occasionally shut off prematurely, resulting in fractions of 
runoff events going un-sampled. Events with less than 75% of the runoff sampled were 
considered invalid and were not incorporated into analysis. In the case where autosampler 
programs continued past the formation of ice in the flume, stage data was adjusted by fitting 
a trend-line from the portion of data that preceded ice-formation to the points where ice or 
snow was fully removed from the flume. Soil freeze-thaw cycles could cause macropores 
that undermined EoF wing-walls, allowing runoff to bypass the flumes. Runoff data 
collection was impaired due to flume bypass as a result of freeze-thaw activity in the 
treatment field from mid-February to mid-April of 2018, so no data was collected during 
this time.  
Other constraints in surface runoff data collection included equipment malfunction 
and surface runoff ponding in front of the flumes. Malfunction of the ultrasonic flowmeter 
at the aerated field caused a gap in data collection from 03/10/2015 to 06/10/2015. 
Prolonged ponding in front of the flume could have allowed for the settling of particulates 




averaging event water quality data due to the flushing of settled particulates during the 
rising limb of following runoff events.   
High groundwater levels constrained sub-surface leachate monitoring. 
Groundwater levels exceeding the lysimeter inflows and intruding into the lysimeters 
caused leachate volume over-estimation and groundwater contaminated water quality 
sample. Piezometer and lysimeter stage data allowed for the identification of groundwater 
intrusion events. Leachate volume and water quality data that was influenced by 




Appendix B: Chapter 3 Complete Tables 
Table A.1: SWAT-VSA and VT P-Index annual P loss predictions for all TI classes (1-10) (relative to 
TI class 5) for each management scenario. Relative P loss = (P loss prediction / TI class 5 P loss 
prediction)*100. 
Scenario TI Class 
Dissolved P loss Particulate P loss Total P loss 




   -------------------------------------------- % ------------------------------------------ 
0A  
1 100 15 33 15 87 15 
2 100 15 34 14 88 14 
3 100 32 44 34 89 33 
4 100 65 63 57 93 59 
5 100 100 100 100 100 100 
6 100 151 143 190 108 179 
7 100 216 160 257 111 245 
8 100 297 160 295 112 295 
9 100 403 150 378 110 385 
10 100 558 188 673 117 639 
0B 
 1 100 15 33 15 90 15 
 2 100 15 34 14 91 14 
 3 100 31 44 34 92 33 
 4 100 65 63 57 95 59 
 5 100 100 100 100 100 100 
 6 100 151 143 190 106 176 
 7 100 216 160 257 109 242 
 8 100 297 160 295 109 296 
 9 100 403 150 379 107 388 
 10 100 556 188 675 113 632 
1 
 1 100 10 56 15 93 12 
 2 100 10 57 14 93 11 
 3 100 24 63 34 94 27 
 4 100 58 76 56 96 57 
 5 100 100 100 100 100 100 
 6 100 170 129 193 104 177 
 7 100 265 139 265 106 265 
 8 100 393 140 309 106 366 
 9 100 574 133 404 105 520 
 10 100 843 158 753 109 815 
2 
 1 100 11 67 15 95 12 
 2 100 11 68 14 95 11 
 3 100 25 72 34 96 27 
 4 100 58 82 56 97 58 
 5 100 100 100 100 100 100 
 6 100 170 121 194 103 176 
 7 100 264 129 268 104 265 
 8 100 391 130 314 104 372 
 9 100 572 125 413 104 533 
 10 100 846 144 775 106 828 
3 
 1 100 12 61 15 94 13 
 2 100 12 62 14 94 12 
 3 100 26 68 34 95 29 
 4 100 60 82 56 97 59 
 5 100 100 100 100 100 100 




 7 100 255 135 267 105 258 
 8 100 373 135 313 105 357 
 9 100 541 130 411 105 506 
 10 100 803 150 748 108 788 
4 
 1 100 11 39 16 89 13 
 2 100 11 40 14 89 12 
 3 100 26 49 35 91 30 
 4 100 61 73 57 95 59 
 5 100 100 100 100 100 100 
 6 100 165 138 190 107 176 
 7 100 245 142 254 108 249 
 8 100 359 144 292 108 330 
 9 100 516 145 379 108 456 
 10 100 747 196 761 117 753 
5 
 1 100 11 39 16 89 13 
 2 100 11 40 14 90 12 
 3 100 26 49 35 91 29 
 4 100 61 73 58 95 60 
 5 100 100 100 100 100 100 
 6 100 165 138 192 107 173 
 7 100 245 142 257 107 249 
 8 100 357 144 297 108 339 
 9 100 514 145 387 108 476 
 10 100 761 196 793 117 771 
6 
 1 100 13 40 17 89 14 
 2 100 13 40 15 89 14 
 3 100 31 49 37 91 33 
 4 100 65 67 59 94 63 
 5 100 100 100 100 100 100 
 6 100 153 138 186 107 164 
 7 100 224 142 249 107 232 
 8 100 305 144 280 108 297 
 9 100 423 145 364 108 404 
 10 100 579 196 727 117 627 
7 
 1 100 11 58 15 94 12 
 2 100 11 58 14 95 12 
 3 100 25 64 34 95 27 
 4 100 58 77 56 97 58 
 5 100 100 100 100 100 100 
 6 100 168 128 194 104 175 
 7 100 260 138 267 105 262 
 8 100 384 138 313 105 366 
 9 100 559 132 410 104 522 
 10 100 825 156 765 107 810 
8 
 1 100 11 75 16 97 12 
 2 100 11 75 15 97 12 
 3 100 392 121 432 103 398 
 4 100 59 86 57 98 59 
 5 100 100 100 100 100 100 
 6 100 167 116 191 102 171 
 7 100 258 119 260 102 258 
 8 100 382 120 302 103 369 
 9 100 560 119 393 102 533 
 10 100 813 137 782 105 808 
9  
1 100 15 70 17 96 15 
2 100 15 71 16 96 15 




4 100 66 84 60 98 64 
5 100 100 100 100 100 100 
6 100 149 119 181 103 157 
7 100 209 126 236 104 216 
8 100 280 127 263 104 276 
9 100 374 122 335 103 364 
10 100 530 139 611 105 550 
10  
1 100 14 73 12 96 14 
2 100 14 73 11 96 14 
3 100 32 76 30 97 32 
4 100 66 85 54 98 64 
5 100 100 100 100 100 100 
6 100 149 126 203 104 155 
7 100 210 127 292 104 220 
8 100 283 127 357 104 292 
9 100 380 123 492 103 393 






Table A.2: SWAT-VSA and VT P-Index annual P loss predictions for all TI classes (1-10) (relative to 
Scenario 2) for each management scenario. Relative P loss for TIx = (P loss prediction TIx / scenario 
2 P loss prediction TIx)*100. Comparisons are made across TI classes within scenarios, (e.g. Scenario 
0A TI Class 1 compared to Scenario 2 TI Class 1). 
Scenario TI Class 
Dissolved P loss Particulate P loss Total P loss 




   -------------------------------------------- % ------------------------------------------ 
0A  
1 35 7 24 35 34 16 
2 35 7 25 35 34 15 
3 35 6 30 34 34 15 
4 35 5 38 34 35 12 
5 35 5 49 34 37 12 
6 35 4 58 34 39 12 
7 35 4 60 33 39 11 
8 35 4 61 32 39 9 
9 35 3 59 31 39 9 
10 35 3 64 30 41 9 
0B 
 1 87 13 43 50 83 24 
 2 87 13 44 50 83 24 
 3 87 12 53 49 83 23 
 4 87 10 67 49 85 19 
 5 87 9 87 48 87 19 
 6 87 8 103 48 90 19 
 7 87 7 108 47 91 17 
 8 87 7 108 46 91 15 
 9 87 6 105 44 90 14 
 10 87 6 115 42 92 14 
1 
 1 67 47 62 71 66 54 
 2 67 47 62 71 66 54 
 3 67 48 65 70 67 55 
 4 67 48 69 70 67 54 
 5 67 49 74 69 68 54 
 6 67 49 79 69 69 54 
 7 67 49 80 69 69 54 
 8 67 49 80 68 69 53 
 9 67 49 79 68 69 53 
 10 67 49 82 67 70 53 
2 
 1 100 100 100 100 100 100 
 2 100 100 100 100 100 100 
 3 100 100 100 100 100 100 
 4 100 100 100 100 100 100 
 5 100 100 100 100 100 100 
 6 100 100 100 100 100 100 
 7 100 100 100 100 100 100 
 8 100 100 100 100 100 100 
 9 100 100 100 100 100 100 
 10 100 100 100 100 100 100 
3 
 1 82 99 81 103 82 101 
 2 82 99 82 103 82 100 
 3 82 97 84 103 82 99 
 4 82 93 90 103 83 95 
 5 82 90 90 103 83 93 
 6 82 88 92 103 83 92 




 8 82 86 93 102 84 89 
 9 82 85 94 102 84 88 
 10 82 85 94 99 84 88 
4 
 1 35 23 26 52 34 32 
 2 35 22 27 52 34 31 
 3 35 22 31 51 34 31 
 4 35 22 40 51 35 29 
 5 35 21 45 50 36 28 
 6 35 20 51 49 38 28 
 7 35 19 50 47 37 26 
 8 35 19 50 46 38 25 
 9 35 19 53 46 38 24 
 10 35 19 62 49 40 26 
5 
 1 36 51 26 65 35 56 
 2 36 50 27 65 35 54 
 3 36 51 31 64 35 55 
 4 36 51 41 64 36 54 
 5 36 48 45 62 37 51 
 6 36 46 52 62 38 50 
 7 36 44 50 60 38 48 
 8 36 44 50 59 38 47 
 9 36 43 53 58 39 46 
 10 36 43 62 64 41 48 
6 
 1 36 57 28 75 35 63 
 2 36 57 27 75 35 62 
 3 36 57 32 73 35 62 
 4 36 50 38 69 36 55 
 5 36 45 46 66 37 50 
 6 36 41 52 64 39 47 
 7 36 38 51 62 38 44 
 8 36 35 51 59 39 40 
 9 36 33 54 59 39 38 
 10 36 31 63 62 41 38 
7 
 1 152 114 119 110 149 113 
 2 152 114 120 110 149 113 
 3 152 113 123 110 149 112 
 4 152 111 130 110 150 111 
 5 152 110 138 110 150 110 
 6 152 109 145 110 151 109 
 7 152 108 147 110 151 109 
 8 152 108 147 110 151 108 
 9 152 107 146 109 151 108 
 10 152 107 150 109 152 108 
8 
 1 113 279 113 163 113 243 
 2 113 279 112 163 113 245 
 3 113 4243 169 1945 119 3530 
 4 113 273 106 155 112 244 
 5 113 266 101 152 112 238 
 6 113 261 96 150 110 231 
 7 113 260 93 148 110 232 
 8 113 259 94 146 110 236 
 9 113 260 96 145 110 238 
 10 113 255 96 153 110 232 
9  
1 114 200 116 174 114 192 
2 114 200 116 174 114 193 
3 114 190 115 168 114 183 




5 114 145 111 147 113 146 
6 114 127 109 137 113 130 
7 114 115 108 130 113 119 
8 114 104 108 124 113 108 
9 114 95 109 120 113 99 
10 114 91 108 116 112 97 
10  
1 103 195 112 45 104 148 
2 103 195 110 47 104 151 
3 103 187 108 51 104 145 
4 103 163 106 54 103 137 
5 103 143 103 57 103 122 
6 103 126 106 59 104 108 
7 103 114 100 62 102 101 
8 103 104 101 65 103 96 
9 103 95 101 68 103 90 
10 103 92 99 77 102 88 
 
 
 
